Mechanical properties and hot workability of Al-15%B4C metal matrix composites with Sc and Zr for elevated temperature applications by Qin, Jian
IUNIVERSITY OF QUEBEC AT CHICOUTIMI 
 
A DISSERTATION PRESENTED TO THE UNIVERSITY OF  
QUEBEC AT CHICOUTIMI IN PARTIAL FULFILLMENT  
OF THE REQUIREMENTS FOR THE DOCTOR 
OF PHILOSOPHY IN ENGINEERING 
BY 
JIAN QIN 
MECHANICAL PROPERTIES AND HOT WORKABILITY 
OF AL-15%B4C METAL MATRIX COMPOSITES WITH SC AND 
ZR FOR ELEVATED TEMPERATURE APPLICATIONS 
 
 
JUNE 2016 
UNIVERSITE DU QUEBEC A CHICOUTIMI 
 
THESE PRÉSENTÉ À L'UNIVERSITÉ DU QUÉBEC À 
CHICOUTIMI COMME EXIGENCE PARTIELLE DU DOCTORAT 
EN INGÉNIERIE 
 
PAR 
JIAN QIN 
PROPRIETES MECANIQUES ET MANIABILITÉ CHAUD DE 
AL-15% COMPOSITES B4C METAL MATRIX AVEC SC ET ZR 
POUR APPLICATIONS À CHAUD 
 
JUN 2016
 i 
ABSTRCT 
The study presented in this thesis focuses on mechanical properties and hot workability 
of Al‒15vol.% B4C metal matrix composites (MMCs) with scandium and zirconium for 
elevated temperature applications. The mechanical properties and their thermal stability, 
strengthening mechanisms, microstructure features, heat treatment, hot deformation and 
processing maps of as-cast and hot deformed Al‒B4C composites with scandium and 
zirconium was investigated.  
In this study, the mechanical properties and long-term thermal stability of the 
composites at ambient and elevated temperatures were evaluated by Vickers’ hardness 
measurements, tensile and compression tests, respectively. A transmission electron 
microscope, a scanning electron microscope and an optical microscope equipped with an 
image analysis system were employed to observe and quantitatively analyze the 
precipitation, grain and sub-grains structure, dislocations and tensile fractures of the 
composites. To examine the hot deformation and workability of the composites, uniaxial 
compression tests were performed at various strain rates and deformation temperatures  
using a Gleeble-3800 thermo-mechanical simulation unit.  
The results of the present thesis are divided into three parts. 
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In the first part, scandium and zirconium as alloying elements were introduced into Al‒
15 vol.% B4C composites to examine the effect of precipitates and B4C particles on the 
mechanical properties and their thermal stability of as cast Al‒B4C composites at ambient 
and elevated temperatures. It was found that the presence of B4C particles with microscale 
dimension has a moderate but stable strengthening effect on Al‒B4C composites at ambient 
and elevated temperatures, while the precipitates of nanoscale Al3Sc and Al3(Sc, Zr) in the 
composite matrix provides a predominate contribution to the composite strength, which is 
varied by tested temperatures. The Al3Sc precipitates in Al‒15vol.%B4C‒0.4wt.%Sc 
composite remain coarsening resistant at 250 °C, whereas the Al3(Sc, Zr) precipitates in 
Al‒15 vol.% B4C‒0.4 wt.% Sc‒0.24 wt.% Zr are thermally stable at 300 °C during 2000 h 
of annealing. At higher annealing temperatures, 300 °C for the composite containing Sc and 
350 °C for the composite containing Sc and Zr, both Al3Sc and Al3(Sc, Zr) precipitates 
become coarsening with prolonged annealing time. The yield strength of the two 
composites at ambient temperature decreases with increasing precipitate size, which can be 
explained by the classical precipitate shearing and Orowan bypass mechanisms. At elevated 
temperatures (250‒350 °C), considerably lower yield stresses, which approximately are 
independent of precipitate coarsening, are observed compared to those at ambient 
temperature. It invokes a dislocation climb mechanism. A strengthening model based on 
the combination of dislocation climb and Orowan mechanisms is established. The predicted 
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yield strengths with the strengthening model at elevated temperatures are in good 
agreement with the experimental data. 
 In the second part, the mechanical properties and their thermal stability of the hot 
rolled Al‒15 vol.% B4C composite sheets with 0.4 wt.% Sc, and 0.4 wt.% Sc plus 0.24 wt.% 
Zr were investigated. The results demonstrate that under an appropriate post-rolling heat 
treatment, the hot-rolled sheets regained a significant precipitation hardening, due to the 
precipitation of fine nanoscale Al3Sc and Al3(Sc,Zr) that uniformly distributed in aluminum 
matrix. The UTS at ambient temperature of the deformed composite sheets with Sc and Sc 
plus Zr can reach 197 MPa and 210 MPa, respectively. During 2000 h annealing at 300 ºC, 
the strengths at ambient temperature of both composites decreased slowly with increasing 
annealing time. However, the UTS and YS at 300 ºC of all deformed composite sheets 
remained almost unchanged and they were less sensible with annealing time and more 
tolerable for precipitate coarsening, showing an excellent long-term thermal stability of 
both composites at elevated temperature. The tensile fracture at ambient temperature of the 
Al‒15 vol.% B4C deformed composites with 0.4 wt.% Sc, and 0.4 wt.% Sc plus 0.24 wt.% 
Zr was dominated by the brittle B4C particle fracture, while the interfacial decohesion of 
B4C particles became the prominent characteristic of the fracture at 300 ºC. 
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In the third part, the focus is on the hot deformation behaviours and processing maps of 
Al‒15 vol.% B4C composites with and without Sc and Zr additions. The results show that 
the flow stress of the composites increases with the additions of Sc and Zr, attributing to the 
synthetic effect of dynamic precipitation and solute atoms. The additions of Sc and Zr 
moderately increase the activation energy for hot deformation of Al‒B4C composites. The 
constitutive equations of the three composites, Al‒15 vol.% B4C, Al‒15 vol.% B4C 
composite with 0.4 wt.% Sc, and 0.4 wt.% Sc plus 0.24 wt.% Zr, were established to 
describe the effect of the temperature and strain rate on hot deformation behaviors. Using 
the proposed constitutive equations, the predicted flow stresses on various deformation 
conditions are in good agreement with experimental data for all three composites. The 
processing maps of three composites were established to understand the hot workability of 
the composites. Two safe domains in the processing map were recommended for each 
composite, in which dynamic recovery and dynamic recrystallization were involved as 
softening mechanism. The additions of Sc and Zr limit the dynamic softening process, 
especially for dynamic recrystallization during hot deformation. The microstructure 
analysis reveals that the flow instability is attributed to the void formation, cracking and 
flow localization during hot deformation of the composites.  
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RÉSUMÉ 
Cette thèse met l'accent sur les propriétés mécaniques et à l'usinage à chaud des 
alliages d’aluminium composites à matrice métallique à 15 vol.% de B4C avec du scandium 
et du zirconium pour des applications à température élevée. Des études sur leurs propriétés 
mécaniques, leur stabilité thermique, leurs mécanismes de durcissement, leurs 
caractéristiques des microstructures, les traitements thermiques, les précipitations et les 
déformations à chaud ont été effectuées. 
Les propriétés mécaniques et de stabilité thermique à long terme des composites, à 
températures ambiantes et élevées, ont été évaluées par des mesures de dureté et des essais 
de traction et de compression. Un microscope électronique à transmission, un microscope 
électronique à balayage et un microscope optique, équipé d’un système d’analyse d’images, 
ont été utilisés pour observer et analyser les précipitations de façon quantitative, la structure 
des grains et des sous-grains, les dislocations et les fractures sous tension des composites. 
Pour examiner la déformation à chaud et à l'usinage des composites, des essais de 
compression uniaxiale ont été effectués à des vitesses de déformation et à des températures 
de déformation variées en utilisant une unité de simulation thermomécanique Gleeble-3800. 
Les résultats de cette thèse sont présentés en trois parties. 
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Dans la première partie, le scandium et le zirconium, comme éléments d'alliage, ont été 
introduits dans les composites Al‒15vol.%-B4C, pour examiner l'effet des précipités et des 
particules B4C sur les propriétés mécaniques ainsi que leur stabilité thermique brutes de 
coulée à températures ambiante et élevée. Nous avons constaté que la présence de 
particules B4C avec une dimension à l'échelle micrométrique a un effet de renforcement 
mécanique modéré, mais stable sur les composites Al‒B4C à températures ambiantes et 
élevées, tandis que les précipitations à l’échelle nanométrique, des composés Al3Sc et 
Al3(Sc, Zr) dans les composites, fournissent une contribution prédominante sur les 
propriétés de résistance mécanique des composites, qui varie selon les températures testées. 
Les précipitations d’Al3Sc dans le composite Al‒15 vol. % B4C‒ 0.4 wt. % Sc demeurent 
grossièrement résistantes à 250 °C, alors que les précipitations Al3(Sc, Zr) dans Al‒15 vol. % 
B4C‒0.4 wt. % Sc‒0.24 wt. % Zr sont stables thermiquement à 300 °C sur 2000 h de recuit. 
À de plus hautes températures de recuit, 300 °C pour les composites contenant Sc et 350 °C 
pour les composites contenant Sc et Zr, avec un temps de recuit prolongé, les deux 
précipitations Al3Sc et Al3(Sc, Zr) deviennent grossières. La limite d'élasticité des deux 
composites à température ambiante diminue avec la taille croissante des précipitations, qui 
peut être expliquée par les théories de cisaillement classiques des précipitations et les 
mécanismes de dérivation d’Orowan. À des températures élevées (250–350 °C), des limites 
de contraintes considérablement moindres, qui sont presque indépendantes de précipitations 
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grossières, sont observées comparées à celles à température ambiante. Cela montre donc un 
mécanisme de dislocation en escalade. Un modèle de renforcement a été établi sur la 
combinaison d’escalades de dislocations et le mécanisme d’Orowan. Les limites d'élasticité 
prévues avec le modèle de renforcement à températures élevées concordent bien avec les 
données expérimentales. 
Dans la deuxième partie, nous avons fait l'étude des propriétés mécaniques et de la 
stabilité thermique des composites déformés à chaud Al‒15 vol. % B4C avec 0.4 wt. % Sc, 
et 0.4 wt. % Sc plus 0.24 wt. % Zr. Les résultats démontrent que sous un traitement 
thermique postlaminage adéquat, les plaques laminées à chaud regagnent un important 
durcissement par précipitation, à l’échelle nanométrique, des composés Al3Sc et Al3(Sc,Zr), 
qui est répartie uniformément dans la matrice d'aluminium. Le UTS à température ambiante 
des feuilles composites déformées avec Sc et Sc-Zr peut atteindre 197 MPa et 210 MPa 
respectivement. Durant 2000 h de recuit à 300 °C, les résistances à température ambiante 
des deux composites diminuent lentement avec la croissance du temps de recuit. Toutefois, 
les UTS et YS à 300°C de toutes les feuilles composites déformées sont demeurés presque 
inchangés et ils étaient moins sensibles avec le temps de recuit et plus tolérables à la 
précipitation grossière, montrant une excellente stabilité thermique à long terme des deux 
composites à température élevée. La fracture sous tension à température ambiante des 
composites déformés Al‒15 vol. % B4C avec 0.4 wt. % Sc, et 0.4 wt. % Sc plus 0.24 wt. % 
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Zr a été dominée par la fracture fragile des particules B4C, pendant que la décohésion 
interfaciale des particules B4C est devenue la cause majeure de la fracture à 300 °C. 
Dans la troisième partie, l'accent a été mis sur la déformation à chaud et les processus 
de traitements des composites Al‒15 vol. % B4C, avec et sans l’addition de scandium et de 
zirconium. Les résultats montrent que la contrainte de fluage des composites augmente 
avec les ajouts de Sc et Zr, attribué à l'effet synthétique de la précipitation dynamique et 
d'atomes en solution. Les ajouts de Sc et Zr augmentent modérément l'énergie d'activation 
pour la déformation à chaud des composites Al‒B4C. Les équations constitutives des trois 
composites, le composite Al‒15 vol. % B4C, Al‒15 vol. % B4C avec 0.4 wt. % Sc, et 0.4 
wt. % Sc plus 0.24 wt. % Zr, ont été établies pour décrire l'effet de la température et la 
vitesse de déformation sur les comportements en déformation à chaud. En utilisant les 
équations constitutives proposées, la contrainte de fluage prévue sous les conditions variées 
de déformation concorde bien avec les données expérimentales pour les trois composites. 
Les processus de traitement a été établi pour les trois composites, en tenant compte du 
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revenu et de la recristallisation dynamique afin de comprendre les mécanismes 
d’adoucissement. Les ajouts de Sc et Zr limitent le procédé dynamique d'adoucissement, 
spécialement pour la recristallisation dynamique durant la déformation à chaud. L'analyse 
de la microstructure révèle que l'instabilité de l'écoulement est attribuée à la formation de 
vides, à la fissuration et à la localisation des écoulements durant la déformation à chaud des 
composites. 
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Chapter 1 
Introduction 
 
1.1  Background 
Al−B4C metal matrix composites have been widely used as neutron absorber 
materials in the transport and storage of spent nuclear fuels in the nuclear industry because 
of the special capacity of B4C on excellent neutron absorption [1, 2]. In service, the 
composites can be exposed at elevated temperatures (250−350 °C) for different lengths of 
time owing to the heat generation and accumulation by absorbing thermal neutrons from 
the spent fuels [1, 3]. To improve the overall performance of the neutron absorber materials, 
it is desirable to maximize the operating temperature and thermal stability of the materials 
at such high temperature. As the matrix of metal matrix composites, most commercial 
precipitation-strengthened 2xxx, 6xxx and 7xxx aluminum alloys are limited to be used 
 3 
below 200 °C. The mechanical properties of these matrices can be seriously deteriorated at 
higher temperature because of the rapid coarsening of their precipitates (overaging effect) 
[4]. For precipitation-strengthened aluminum alloys, the Al-Sc alloy is a rare exception, 
which can be used up to 300 °C because it can form nanoscale coherent Al3Sc precipitates 
with a low coarsening rate [5]. Above this temperature, the Al3Sc precipitates may coarsen 
and lose coherency, which results in the degradation of mechanical properties of the 
materials [6, 7]. It was reported that Zr could partially substitute Sc to form Al3(Sc1-xZrx) 
precipitates with better coarsening resistance [8, 9], which improves the thermal stability of 
the precipitates up to 350 °C [9] and increases the strength and recrystallization resistance 
[10-12].  
The presence of B4C particles can provide an additional strengthening to Al matrix 
not only at ambient but also at elevated temperatures. The composites of Al‒B4C were 
thermally stable and the mechanical properties of those composites remained unchanged at 
300 °C after a long holding period [13]. However, the contribution of B4C particles to the 
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composite strength was limited due to the large B4C particle size (in micrometer scale). So, 
it is reasonable to introduce scandium and zirconium into Al‒B4C composites to further 
improve their strengths at elevated temperatures. The microstructure and mechanical 
properties of Al−B4C composites containing Sc and Zr additions have been studied [7, 
13-15]. It had been [7] demonstrated that the yield strength at ambient temperature of the 
Al−B4C composites with Sc had not significantly changed after annealing at 250°C up to 
2000 h, whereas the strengths at ambient temperature remained stable after annealing at 
300 °C up to 2000 h for the Al−B4C composite strengthened by Al3(Sc, Zr) precipitates. 
However, the mechanical properties and their thermal stability of the composites with Sc 
and Zr at elevated temperatures have not been reported yet.   
Al metal matrix composites (MMCs) are frequently deformed through rolling, 
extrusion and forging processes. The deformation processes can cause a series 
microstructure changes that will affect the final mechanical properties [14]. Only a few 
works reported the hot deformation behavior of Al−B4C composites [16, 17]. Moreover, it 
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was reported that the Al3Sc precipitation hardening in deformed materials would be 
difficult because of severe limits on the solution treatment [18]. The public information 
concerning the Al3Sc precipitation in deformed aluminum metal matrix composites is very 
scarce.  
Base on the information mentioned above, the mechanical properties and their thermal 
stability at elevated temperature should be investigated for the Al‒B4C composites with and 
without Sc and Zr. The effect of hot deformation on Al3Sc and Al3(Sc, Zr) precipitation has 
to be clarified. Moreover, a good understanding of the hot deformation behaviours and 
work ability of the composites is necessary to obtain optimum mechanical properties and 
manufacture process.  
1.2  Objectives 
This project aims to study the mechanical properties and their thermal stability as 
well as hot workability of Al‒B4C composites containing scandium and zirconium for 
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elevated temperature applications. To gain the achievements, following objectives are 
proposed: 
Investigate the mechanical properties and their thermal stability of as cast Al‒B4C 
composite containing Sc and Zr at elevated temperatures: 
l Evaluate the mechanical properties of as cast Al‒B4C composites with and 
without Sc and Zr at various temperatures;  
l Evaluate the evolution of the thermal stability of the composites at ambient 
and elevated temperature during long term annealing; 
l Examine the evolution of microstructure, including grain size, precipitate 
radius, precipitate distribution, precipitate volume fracture and its 
coarsening rate during long term annealing at elevated temperature; 
l Clarify the strengthening mechanisms at ambient and elevated temperature 
of the composites.  
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Investigate the mechanical properties and their thermal stability of hot-rolled Al‒B4C 
composites containing Sc and Zr: 
l Study the effect of hot deformation on Al3Sc and Al3(Sc, Zr) precipitation 
strengthening in Al‒B4C composites containing Sc and Zr; 
l Study post-deformation heat treatments to obtain precipitation strengthening 
in the composites;  
l Evaluate the influence of test temperatures on mechanical properties of the 
hot rolled composites; 
l Evaluate the thermal stability of mechanical properties during long-term 
annealing; 
l Investigate the evolution of microstructure including grain structure, 
precipitates, and the tensile fracture during the long term annealing. 
Investigate hot deformation and processing maps of Al‒B4C composites with and 
without Sc and Zr: 
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l Study the flow stress behavior and microstructure evolution of the composites 
during hot deformation at various temperatures and strain rates; 
l Establish constitutive equations of the three composites to describe the effect 
of the temperature and strain rate on hot deformation behavior; 
l Determine the activation energies of the composites and study the effect of Sc 
and Zr on the activation energies; 
l Establish the processing maps for the composites and study the effect of Sc 
and Zr on the evolution of the maps.  
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In recent years, metal matrix composites (MMCs) with light metal matrixes gain 
successful applications in aerospace industry, traffic engineering, especially in automotive 
and transport technology. Commonly ceramic particles, fibers or carbon fibers, are used for 
metal reinforcement. Particle reinforced light metals gain popularization in industry with 
their potential as low cost, high modulus and strength, high wear resistance, and easily 
fabricated material.  
2.1  Matrix alloys 
Al‒based alloys used for metal matrix composites (MMCs) have several remarkable 
characteristics that make them attractive for the development of high strength and high 
temperature materials. The works on the improvement of aluminum alloy strength at 
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elevated temperature have been carried out for decades [1-4]. A remarkable improvement 
of mechanical properties at elevated temperatures is on the addition of 0.1−1 wt.% Sc in Al 
alloys [5]. The Al−Sc alloys are strengthened by the formation of Al3Sc precipitates with 
finer radius and high volume fraction [6]. After decades developments, Drits [7-9], Elagin, 
Zakharov, Dunand, Marquis, Seidman and Fuller et al. [10-21], made a great progressing 
on the research of Al−Sc alloys in the fields such as strengthening effects, thermal stability, 
creep behaviours, composition optimization, strengthening mechanisms etc. Dramatic 
strengthening effect (350 MPa) is reported in an annealing Al‒0.41 wt.% ingot [22]. 
However, the medium diffusivity of scandium in aluminum limits its strengthening effect 
[23]. Based on this fact, ternary or quaternary systems were developed [24-26]. 
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2.1.1 Al‒Sc binary alloys 
2.1.1.1  Phase diagram 
The Al‒Sc binary phase diagram at Al rich corner is shown in Fig. 2.1. There is a 
eutectic reaction at aluminum rich side of the phase diagram:  
Liq. = α (Al) + Al3Sc  Eq. 2. 1 
It is reported that the eutectic temperature varies between 655 and 659 °C [7, 27-31]. 
The eutectic composition is approx. 0.6 wt. % [7, 29] and the solid solubility of Sc in Al at 
the eutectic temperature is approx. 0.35 wt. % [27].  
 
Fig. 2. 1. Phase diagram for Al‒Sc system at Al rich corner [32]. 
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2.1.1.2 Al3Sc phase 
Lattice structure of Al3Sc was reported to be of L12 type [33]. The structure can be 
described as ordered FCC, and atomic arrangement of Al3Sc phase is shown in Fig. 2.2. 
Rechkin et al. had identified Al3Sc phase as cubic with lattice parameter 4.10 Å [34]. This 
particular atomic arrangement of Al3Sc phase shows misfit with Al matrix of 1.34 % at 
24°C and 1.05 % at 300 °C [24, 35]. The orientation relationship between Al3Sc and the 
matrix is suggested to be (110) Al3Sc ⁄⁄ (100) matrix, [010] Al3Sc ⁄⁄ [010] matrix [36]. The 
Al3Sc precipitate with spherical shape is most frequently reported [11, 14, 16-18, 20, 21, 23, 
37-49].  
 
Fig. 2. 2. Atomic arrangement of Al3Sc phase [39]. 
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The shear modulus of Al3Sc was reported to be 68 and 63 GPa at room temperature 
and 300°C, respectively [50]. The Poisson’s ratio of Al3Sc is 0.2 [50]. The temperature 
dependence of the Yong’s modulus of Al3Sc is given by =-26 MPa/K [51]. When 
a matrix dislocation shears an ordered precipitate and creates an antiphase boundary (APB) 
on the slip plane of the precipitate phase. γapb is APB energy per unit area on the slip plane 
represents the force per unit length opposing the motion of the dislocation as it penetrates 
the particle, and γapb≈0.5J/m2 [19, 42, 52-56]. The activation energy for diffusion of Sc in 
Al are determined to be 176±9 kJ/mol [57]. The thermal expansion of Al3Sc has been 
measured [58] and based on the differences in thermal expansion between Al [59] and 
Al3Sc, the misfit as a function of temperature has been calculated [58]. This calculation is 
reproduced by Royset et al. and shown in Fig. 2.3 by the solid line. Contribution from 
vacancies on thermal expansion of Al at elevated temperatures had been taken into account 
as represented by the dotted line [60].  
 ∂E / ∂T
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Fig. 2. 3.  Lattice mismatch between Al and Al3Sc as a function of temperature: solid 
line represents calculation based on linear thermal expansion of the two 
phases; dotted line represents correction for vacancies in Al lattice [32]. 
The coherency loss of Al3Sc precipitates will not only increased its coarsening rate, but 
also will reduce their pinning effects on the migration of dislocations and migrating grain 
boundaries. S. Iwamura et al. investigate the correlation between the coarsening behaviour 
and coherency of the Al3Sc particles in the Al–0.2 wt. % Sc alloy based on TEM 
observations and the calculation using numerical model [61]. The critical radius for 
coherent/semi-coherent transition of the Al3Sc precipitates was determined as 15 nm. In the 
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range from 15 nm to 40 nm, coherent and semi-coherent coexist and the coarsening is 
delayed [61].  
The relationship between average radius of the Al3Sc precipitates, in coherent and 
semi-coherent, and annealing time obeys the Lifshitz–Slyozov–Wagner (LSW) theory 
[62-64]. It is shown as: 
r3 = at Eq. 2. 2 
where r is average precipitate radius, a is coarsening rate and t is annealing time. C. 
Watanabe et al. investigated the coarsening kinetics of the Al3Sc precipitates in an Al–0.28 
wt. % Sc alloy aged at 400 °C (673 K), 425 °C (698 K), and 450 °C (723 K) and measured 
both of the coarsening rate of precipitates and the depletion rate of the supersaturated solid 
solution [57]. The coarsening behaviors of Al3Sc in Al–0.28 wt. % Sc alloy annealed at 
400 °C (673 K), 425 °C (698 K), and 450 °C (723 K) are presented in Fig. 2.4, where mean 
precipitate radius is plotted as a function of aging time.  
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Fig. 2. 4. Coarsening plot of Al3Sc precipitates in an Al–0.28 wt. % Sc alloy aged at 
673, 698, and 723 K. The shaded area indicates the coherent stage (<15 nm) 
[57]. 
Experimental values of coarsening rates at different aging temperature were 
determined from the slopes from Fig. 2.4 and these values are listed in table 2.1 [57]. The 
coarsening rate shows an acceleration coarsening kinetics with increasing temperature. 
Table 2. 1.  Values of the Coarsening Rate of Al3Sc in a Al–0.28wt% Sc alloy [57]. 
Temperature (K) Coarsening rate (m3/s) 
673 (8.75 ± 0.16) × 10-30 
698 (4.11 ± 0.16) × 10-29 
723 (1.77 ± 0.12) × 10-28 
 20 
The precipitate radius distribution also follows the predictions of LSW theory as shown 
in Fig. 2.5 [18]. 
 
Fig. 2. 5. Precipitate size distributions for the Al-0.3 wt. % Sc alloy aged at 400 °C for 
10 hours. The theoretical LSW distribution function is shown as a solid line 
for comparison [18]. 
2.1.1.3  Mechanical properties of Al‒Sc binary alloys 
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Fig. 2. 6. Vickers micro‒hardness versus aging time for an Al‒0.3 wt. % Sc alloy as a 
function of aging temperatures (275, 300, 350 and 400 °C) [18]. 
It has been noted that Al3Sc precipitates can give a significant enhancement in 
strength of the alloy. The hardness curves reflect the precipitation hardening occurring 
during aging in the Al–0.3 wt. % Sc alloy as a function of annealing time at various 
temperatures is shown in Fig. 2.6 [18]. 
The dependence of hardness on scandium concentration was measured by aging Al–0.1, 
0.2 and 0.3 wt. % Sc alloys at 300 °C as shown in Fig. 2.7. As the scandium concentration 
increases, the incubation time decreases and the value of peak hardness increases [18].  
 
Fig. 2. 7.  Vickers micro–hardness versus aging time at 300 °C as a function of Sc 
concentration (0.1, 0.2 and 0.3 wt.%) [18].  
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D.N. Seidman et al. [18] presented the contribution of Al3Sc precipitates in the 
hardness as a function of precipitate radius [65] as shown in Fig. 2.8. The direct 
comparison become possible for the Al−0.3%Sc alloy hardness with different aging 
temperature and time because the volume fraction of Al3Sc precipitates is approximately 
constant. Fig. 2.8 shows a maximum in hardness increase for radii between 1.5 and 2.0 nm. 
This result suggests a transition from a shearing mechanism to an Orowan dislocation 
bypass mechanism. 
 
Fig. 2. 8. Increase in ambient temperature microhardness versus precipitate radius for an 
Al–0.3 wt.% Sc alloy aged at different temperatures [18]. 
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Although the Al‒Sc binary alloys have a dramatic improvement in strengthening and 
thermal stable at elevated temperature, these binary alloys was still limited for application 
owing to the following two reasons, i.e., the strengthening capability of Al‒Sc alloys 
decreases after long term annealing at elevated temperature which is caused by coarsening 
of Al3Sc precipitate and the high cost of scandium [66, 67]. 
2.1.2 Al‒Sc‒Zr ternary alloys 
 
Fig. 2. 9. Microhardness of Al–0.4 wt. % Sc alloy and Al–0.4 wt. % Sc–0.15 wt. % Zr 
alloy (ingots) vs. annealing time at 350°C [68]. 
A zirconium addition to binary Al–Sc alloys decreases coarsening ability of the Al3Sc 
precipitate while prolonging annealing time at elevated temperatures [68]. Fig. 2.9 presents 
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two curves showing micro-hardness of Al–0.4 wt. % Sc alloy ingot and a similar alloy 
alloyed with 0.15 wt. % Zr versus annealing time. The zirconium addition results in a 
dramatic stabilizing effect, while the strengthening effect is not changed [68]. 
2.1.2.1  Al3(ScZr) phase 
Elagin et al. [69] first suggested that Zr could substitute for Sc in Al3Sc precipitates 
formed Al3(Sc1-x Zrx) precipitates. The chemical composition of Al3(Sc1-xZrx) precipitates 
has been investigated using analytical TEM [70, 71] and a combination of TEM and Atom 
probe tomography (APT) [72]. All of the three papers indicated that Zr was present within 
Al3(Sc1-xZrx) precipitates, in agreement with Ref. [73, 74], and that Zr was detected at the 
α−Al/Al3(Sc1-xZrx) interfaces [71]. Fig. 2.10b shows the integrated number of counts under 
the Sc Kα and Zr Kα peaks along the line shown in Fig. 2.10a. It is clearly apparent that the 
composition is not uniform within the particle. Both Sc and Zr are found on the rim of the 
particle. In the core of the particle, the Zr content drops sharply to almost zero, while the Sc 
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content is roughly constant. Hence, the coherent Al3(ScZr) precipitates were found to 
consist of a core containing Al and Sc surrounded by a Zr-rich shell. 
  
 Fig. 2. 10. (a) Annular dark field image of a precipitate in ternary Al–Sc–Zr. The image 
was obtained close to the 001 zone axis. (b) Composition profile along the 
line indicated in (A) showing the number of EDS counts under the Sc Kα and 
Zr Kα peaks as a function of position [72]. 
The calculated diffusivity of Sc and Zr [75-77] demonstrates that Zr diffuses four 
orders of magnitude slower than Sc in Al at 300 °C [23, 78]. Thus, this phenomenon leads 
to the increased resistance to coarsening of Al3ScZr precipitates in these ternary alloys. 
a b 
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2.1.2.2 Lattice mismatch of Al3(Sc,Zr) precipitate 
Zr was reported could decrease lattice parameter and resulting in the decrease of the 
lattice parameter misfit [24]. The reduced lattice parameter mismatch as observed by 
Harada Y. et al. [58] decreases the rate of Ostwald ripening of precipitates, thus benefits 
the thermal stability of materials [23]. Lattice mismatch of Al3(Sc, Zr) with the α-Al matrix 
decreases from 1.05% to 0.78% at 300 °C. The coefficient of thermal expansions (CTEs) 
for binary Al3Sc and ternary Al3(Sc, Zr) were measured as (16 ± 1)×10-6 K-1 [58]. 
2.1.2.3  Coarsening of Al3(Sc, Zr) 
C. B. Fuller et al. indicate that diffusion-limited coarsening is operative during 
annealing of Al3(Sc, Zr) precipitate, which is supported by the agreement of the activation 
energy values [79]. The coarsening behavior of Al−0.09 at. % Sc−0.047 at. % Zr and Al−
0.14 at. % Sc−0.012 at. % Zr alloys at aging temperatures between 300, 350, or 375 °C 
follow LSW theory and their coarsening rates are displayed in table 2.2 [79].   
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Table 2. 2. Experimentally coarsening rate constants of Al3ScZr precipitates in different 
alloys at 300−375 °C [79]. 
Alloy (at.%) 
Coarsening rate (m3/s) 
300 °C 350 °C 375 °C 
Al-0.06 Sc-0.005 Zr (5.13 ± 2.07) × 10-33 (1.5 ± 0.22) × 10-30 (8.27 ± 4.15) × 10-33 
Al-0.07 Sc-0.019 Zr (1.86 ± 0.55) × 10-33 (1.62 ± 0.24) × 10-31 (4.12 ± 1.72) × 10-30 
Al-0.09 Sc-0.047 Zr (4.29 ± 2.58) × 10-34 (6.75 ± 0.73) × 10-32 (9.1 ± 1.5) × 10-31 
Al-0.14 Sc-0.012 Zr (3.92 ± 3.37) × 10-34 (9.2 ± 9.1) × 10-34 (2.61 ± 0.79) × 10-32 
As anticipated, the coarsening rate for each alloy increases with increasing temperature. 
The effect of volume fraction on the coarsening kinetics of Al−Sc−Zr alloys is examined 
[79]. The coarsening rate is decreasing with the precipitate volume fraction increases, as it 
would be an increase in diffusion and elastic interactions among precipitates associated 
with increasing precipitate volume fraction [79]. 
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Fig. 2. 11.  Vickers microhardness (MPa) of Al–Sc and Al-Sc-Zr alloys vs. aging time at: 
(a) 300 °C, (b) 350 °C, and (c) 375 °C [42]. 
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2.1.2.4  Mechanical properties of Al‒Sc‒Zr ternary alloys 
Fig. 2.11 demonstrates the variation in Vickers hardness as a function of aging 
temperature and time for Al–Sc–Zr alloys [42], and their equivalent Al–Sc alloys [18], 
respectively. At all temperatures the peak hardness of Al–Sc–Zr alloys are higher than that 
of corresponding Al–Sc alloys. Zirconium additions also increase the duration of peak 
hardness when alloys are aged at 350 and 375 °C. 
2.2  Al‒B4C composites 
B4C has lower specific gravity of 2.51 g/cm3  (less than that of Al, 2.7 g/cm3), as well 
as high impact and wear resistance, high melting point, good resistance to chemical agents, 
and high capacity for neutron absorption [80-82], making itself a promising candidate for 
the reinforcement in an Al based MMCs [83].  
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2.2.1 Interface reactions in Al‒B4C composites 
The interface in composites refers to a bounding surface between reinforcement and 
matrix, where there is variation in chemical composition, elastic modulus and coefficient of 
thermal expansion. The interface has a very important influence on the properties of all 
composites, as it not only has a large surface area per unit volume but also is related to 
interface reactions between reinforcement and matrix. An idea interface should promote 
wetting and bond the reinforcement and the matrix to a desirable degree, protect the 
reinforcement and allow load transfer from matrix to rigid reinforcement [84-87]. 
In 1989, Halverson [88] studied reaction thermodynamics of Al‒B4C and found 
reaction products consist of Al3BC and AlB2 in a temperature range from 800 to 1400 °C. 
Fig. 2.12a shows the isothermal section of the Al–B–C phase diagram at 750 °C, calculated 
using the Thermo-Calc software database. The phase diagrams indicate that B4C particles 
were thermodynamically unstable in liquid aluminum and would continue to decompose as 
long as they contact liquid aluminum [89]. 
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Fig. 2. 12. Calculated phase diagrams: (a) Al–B–C isothermal section at 750 °C, (b) 
Al–B4C isopleths phase diagram [89]. 
Hence, the interfacial reaction in the Al‒B4C system in this temperature range was 
expressed as [90-92]: 
9Al+2B4C = 2Al3BC+3AlB2  Eq. 2. 3 
Fig. 2.13 shows the optical microstructure of Al–12 vol. % B4C holding at 750 °C. 
Using SEM and TEM, it was identified that the yellow phase was AlB2 and the gray phase 
was Al3BC [89]. The formation of Al3BC and AlB2 at the interface led to a decomposition 
of B4C, which confirmed the fact that these two compounds are unable to prevent the attack 
of liquid aluminum on B4C [90, 91, 93, 94]. 
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Fig. 2. 13. Optical microstructure of Al–12%B4C held at 750 °C for (a) 5 min and (b) 
120 min. [89]. 
In order to enhance the wettability of B4C particles and limit its decomposition, Ti is 
introduced to in the Al–B4C system [89]. When Ti is introduced in the Al‒B4C system at 
730‒750 °C, it would induce the generation of two phases (Al3BC and TiB2) in a relatively 
short time [89]. The interfacial reaction is shown as [94]: 
6Al+3Ti+2B4C=2Al3BC +3TiB2 Eq. 2. 4 
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Fig. 2. 14. STEM dark field micrograph of the 1.0 % Ti composite, showing the TiB2 
layers in the interface region in great details [89]. 
An observation (Fig. 2.14) by TEM shown that the B4C particle was firstly covered 
by Al3BC reaction layer then followed by a TiB2 layer. TiB2 and Al3BC build up a 
protection layer surrounding B4C particle acted as a diffusion barrier [89]. Hence, with 
addition of Ti, Al‒B4C composites can be processed with low-cost stir casting routes [89, 
95-98]. 
J. Lai et al. investigated the effect of Sc, Zr and Ti on the interfacial reactions of the 
Al‒B4C system [96]. They found in the B4C/Al‒Zr system, the interfacial reaction products 
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consists of Al3BC and ZrB2. Similar to the B4C/Al‒Ti system, the interfacial reaction in the 
B4C/Al‒Zr alloy can be express as:  
6Al + 3Zr + 2B4C = 2Al3BC + 3ZrB2  Eq. 2. 5 
In the B4C/Al‒Sc system, three interfacial reaction products, Al3BC, ScB2 and 
Al3ScC3 were identified coexist in the interfacial microstructure. The interfacial reaction of 
this system can be expressed as [96]: 
9Al + 10Sc + 5B4C = 2Al3BC + Al3ScC3 + 9ScB2 Eq. 2. 6 
In the B4C/Al‒Sc‒Zr‒Ti system, there are two main interfacial reaction products, 
which are Al3BC and TiB2, and some Sc and Zr are also detected in this layer. The outside 
crystal layer is confirmed to be in the majority of TiB2 type crystals that also contain traces 
of Sc and Zr. Hence, the TiB2 layer can not only limit the decomposition of B4C particle but 
also can reduce the consumption of strengthening elements Sc and Zr at the interface [96]. 
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2.2.2 Mechanical properties of Al‒B4C composites containing Sc and Zr 
J. Lai et al. studied the precipitation behaviour of Al‒B4C composites alloyed with Sc 
and Zr [95]. Fig. 2.15 shows the microhardness of three Al‒B4C composites with nominal 
composition 0.29 wt. % Sc, 0.40 wt. % Sc and 0.58 wt. % Sc as a function of aging time at 
temperatures of 300, 350, 400 and 450 °C. The aging curves of the Al‒B4C composites 
containing Sc have similar tendency experienced under-aging, peak aging and over-aging 
stages. The hardness values of three composites increase with the increasing of Sc 
concentration at all aging temperatures. With increasing of aging temperature, the 
microhardness peak comes earlier, and with prolonging of aging time, the microhardness 
dramatically decrease which is in the over-aging stage. 
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Fig. 2. 15. Vickers microhardness vs. aging time at: (a) 300, (b) 350, (c) 400 and (d) 
450 °C for three Al–Sc composites [95]. 
Fig. 2.16 shows the microhardness of three Al‒B4C composites with nominal 
composition 0.29 wt. % Sc + 0.24 wt. % Zr, 0.40 wt. % Sc + 0.24 wt. % Zr and 0.58 wt. % 
Sc + 0.24 wt. % Zr aging at temperatures of 300, 350, 400 and 450 °C. The microhardness 
of these composites increase associated with increasing of matrix composition. These 
composites containing Sc and Zr exhibit similar tendency of the aging curves to the 
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composites containing Sc. The aging curves of the composites with Zr addition have an 
improvement in microhardness and can maintain the hardness for a period. Compared with 
Al‒B4C composites with Sc, addition of Zr not only increases the strengthening effect but 
also improves their thermal stability. 
 
Fig. 2. 16. Vickers microhardness vs. aging time at: (a) 300, (b) 350, (c) 400 and (d) 
450 °C for three Al–Sc–Zr composites [95]. 
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Fig. 2. 17. Dark-Field TEM images shows precipitates in the matrix of the composites 
with 0.58 wt. % Sc (a)–(c) and 0.58 wt. % Sc + 0.24 wt.% Zr (d)–(f) during 
aging at 450 °C for 5min, 10 hours and 100 hours exposure times [95]. 
TEM was employed to study the aging hardening effect and precipitation behavior of 
the composites containing Sc and Zr [95]. Fig. 2.17 shows representative TEM images that 
demonstrate the precipitate evolution of the composites with 0.58 wt. % Sc and 0.58 wt. % 
Sc + 0.24 wt. % Zr for 5min, 10 hours and 100 hours aging. Uniform distribute coherent 
precipitates of Al3Sc and Al3(ScZr), with L12 structure, were observed in Al‒B4C 
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composites. Al3(Sc, Zr) precipitate exhibits a better coarsening resistance than Al3Sc 
precipitate. Therefore, Al‒B4C composites which are alloyed with Sc and Zr are 
strengthened by both of B4C particles and precipitates. 
2.2.3 Thermal stability of Al‒B4C composites 
2.2.3.1  Thermal stability of 1100‒B4C composites 
X. G. Chen et al. investigated the mechanical properties of the 1100‒B4C composites 
annealing at elevated temperature for long period [99]. Fig. 2.18 shows the mechanical 
properties of 1100‒25 vol. % B4C composite tested at 25 °C as a function of holding time 
at 300 °C. The thermal stability of mechanical properties of the composites is related to the 
microstructural evolution during the annealing. During annealing at 300 °C for long term, 
B4C particles are stable and matrix grain size barely change. Hence, the mechanical 
properties remain unchanged after a long term annealing at 300 °C for up to 1000 hours.  
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Fig. 2. 18. Effect of holding time at 300 °C on mechanical properties of 1100‒25 vol. % 
B4C composite tested at 25 °C [99]. 
2.2.3.2  Thermal stability of Al‒B4C composites containing Sc and Zr 
To further improve the mechanical properties of the Al‒B4C composites, Sc and Zr 
were introduced into this system [95]. J. Lai et al. [97] investigated the Thermal stability of 
Al‒B4C composites containing 0.4 wt. % Sc (S40) and 0.4 wt.% Sc + 0.24 wt.% Zr (SZ40). 
The composites containing Sc and Zr were heat treated to T6 condition then assess their 
thermal stability of the mechanical properties.  
Fig. 2.19 demonstrates the evolution of the mechanical properties of S40 and SZ40 
composites during long term annealing. The S40 and SZ40 composite show good resistance 
of softening during 2000 hours annealing at 250 and 300 °C, respectively. The mechanical 
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properties of S40 and SZ40 decreases remarkably while the annealing temperature 
increases to 300 and 350 °C, respectively. During annealing at 350 °C, the grain size of 
SZ40 composite coarse from 43 to 51 µm [97], which according to Hall-Petch equation can 
only cause a 0.3 MPa reduction in strength. Therefore, decreases in mechanical properties 
of S40 and SZ40 composites are only cause by the variation of precipitates. 
 
Fig. 2. 19. Yield and compressive strengths vs. annealing time, (a) the yield strength of 
SZ40, (b) the compressive strength of SZ40, (c) the yield strength of S40 and 
(d) the compressive strength of S40 [97]. 
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The aluminum grain size, and the B4C particles and their interfaces have no remarkable 
effect on the variation of the mechanical properties of the composites during annealing [99]. 
The softening of the composites is related to coarsening of the precipitates. The average 
precipitate radii of precipitates as a function of annealing treatment are measured by J. Lai 
et al. and listed in Table 2.3 [97]. 
Table 2. 3. Average precipitate radii of precipitates as a function of annealing treatment 
in the SZ40 composite [97]. 
Annealing treatment Coarsening rate (m3/s) 
350 °C×10 hours (T6) 2.6 ± 0.7 
350 °C×10 hours+300 °C×2000 hours 2.4 ± 1.1 
350 °C×10 hours+350 °C×1000 hours 3.9 ± 2.0 
350 °C×10 hours+350 °C×1000 hours 5.1 ± 4.7 
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2.3  Strengthening mechanisms of Al MMCs 
The strengthening of Al‒B4C composites is mainly contributed by Al matrix and B4C 
ceramic reinforcements. However, the strengthening mechanisms of matrix and B4C 
particles are greatly different. Moreover, strengthening mechanisms can be affected by test 
temperature. 
2.3.1 Strengthening mechanisms of 1100‒B4C composites 
The presence of B4C particles can provide an additional strengthening to Al matrix at 
both ambient and elevated temperatures [99]. The strengthening mechanisms of 
reinforcements in MMCs can be divided into two categories, direct and indirect 
strengthening. The former refers to the load transfer from the weak matrix, across the 
matrix/reinforcement interface, to the higher stiffness reinforcement [100, 101]. And the 
latter involves dislocations accumulation around the reinforce particles due to the thermal 
expansion mismatch [85, 102, 103]. Fig. 2.20a shows the tensile properties of 1100‒25 
vol. % B4C composite as a function of the temperature on as-annealed condition. For 
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comparison, tensile properties of AA1100 on anneal condition alloy are also presented in 
Fig. 2.20b. 
 
Fig. 2. 20. Effect of the temperature on mechanical properties of Al‒25 vol. % B4C 
composite on as-rolled condition (a) [99] and AA1100‒O [104]. 
Yield strength and Ultimate strength of both materials decrease associated with 
increasing of test temperature. Increasing of test temperature refers to the shear modulus 
decreasing, multi slip system activation and dislocation climbing, which will lead to the 
softening of matrix. The presence of 25% volume fraction B4C particles in the AA1100 
matrix significantly increases the strength and reduces the elongation. At ambient 
temperature, the contribution to yield strength from the presence of B4C particles was 38 
a b 
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MPa, while at 300 °C it was 13 MPa [99]. However, due to large particle size of B4C 
particles (in the micrometer scale), their contribution to the composite strength was limited.  
2.3.2 Strengthening mechanisms of Al alloys 
Besides the ceramic particles, matrix alloys have a contribution to the strength of Al 
MMCs. There are four major strengthening mechanisms, i.e., work hardening, solid 
solution strengthening, grain boundary strengthening, and precipitation strengthening. In 
the present study, the Al‒B4C MMCs are designed to service with high strength at elevated 
temperature. In the case of deformed Al‒Sc and Al‒Sc‒Zr alloys, the supersaturated matrix 
will decompose, moreover, grain growing and recovery or recrystallization will reduce the 
work hardening effect at elevated temperature. Hence, precipitation strengthening from 
Al3Sc and Al3ScZr precipitates with low coarsening rate is expected to be a suitable 
strengthening mechanism. 
2.3.2.1 Precipitation strengthening mechanisms at ambient temperature 
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Precipitate particles can impede the motion of dislocations through a variety of 
interaction mechanisms, including chemical strengthening, stacking fault strengthening, 
modulus hardening, coherency strengthening and order strengthening. 
Shearing and Orowan bypass are two main mechanisms to explain the dislocation 
bypass the precipitates in Al‒Sc and Al‒Sc‒Zr alloys [18, 42]. When the coherent 
precipitates are small, the strength is controlled by dislocation shearing while the 
precipitate radius is over the critical size Orowan bypass is operative. For this shearing 
mechanism, the increase in strengthening comes from three contributions, modulus 
hardening, coherency strengthening and order strengthening. For a given precipitate radius, 
the shearing stress is taken as the higher of two contributions: order strengthening and the 
sum of coherency and modulus hardening [18]. 
Shearing mechanism refers to: 
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1. Modulus hardening occurs when the shear moduli of the matrix and precipitate 
phases are different. The greatest interaction forces occurs when the dislocation 
has entered the precipitate are used to estimate the maximum increment in yield 
strength [64]. 
2. The coherency strengthening of alloys also know as lattice mismatch 
strengthening, which is caused by coherent precipitates due to the interaction 
between the stress fields of the precipitates and the dislocation.  
3. Order strengthening is operative when a matrix dislocation shears an ordered 
precipitate and creates an antiphase boundary (APB) on the slip plane of the 
precipitate phase. Order strengthening gains its effect from the ordered 
precipitates, which have a crystal structure of the type L12. Dislocations typically 
travel in pairs to restore perfect order in the precipitate [64]. 
All of mentioned above mechanisms lead to increase in strength associated with the 
increasing of precipitates radii. With coarsening of precipitates, eventually a critical radius 
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is reached which precipitates are incoherent and no longer can be cut through by dislocation. 
The possible mechanisms of dislocation move over a precipitate include bowing, climb and 
cross slip [105, 106]. Orowan proposed the following strengthening mechanism: a 
dislocation loop appears around each particle when a dislocation bypasses precipitates 
[107]. This mechanism usually is operative for precipitates with larger sizes [18, 95]. To 
performance further deformation, additional stress is needed to overcome the back stress 
from the dislocation loops and leads to rapid strain hardening to the matrix [107-111]. 
2.3.2.2  Precipitation strengthening mechanism at elevated temperature 
The presence of hard particles can improve the mechanical behavior of metallic 
materials at elevated temperature in different ways. It’s widely accepted that at elevated 
temperatures with lower strain rates precipitates are climbed over by dislocations, no matter 
the precipitate can be shared or not. There are three kinds of models describe for dislocation 
climb over particles. The first one, local climb, which presumes that the climbing 
dislocation segment profiles the dispersoid, and the dislocation between the dispersoids 
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remains in its glide plane [112, 113], as shows in Fig. 2.21a [114]. The second one, general 
climb model in which the dislocation is allowed to “unravel”, i.e. to reduce, under the 
action of its line tension, the high curvature at the point where it meets the dispersoid [115], 
as shows in Fig. 2.21b [113]. 
  
Fig. 2. 21. Schematic profile of a dislocation climbing over a cube-shaped particle, (a) 
according to “local” climb, with a sharp dislocation bend at C [114] and (b) 
according to “general” climb, where the high curvature at C is relaxed by 
“unravelling” [114].  
The third one, a cylindrical particle of diameter and height equal to two times or its 
radius is employed to replace the cubic shape in the original general climb model [19]. The 
cylindrical shape particle model is an approximation of the spherical shape particle, as latter 
a b 
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is too complex to be introduced in general climb model. The glide plane of the dislocation 
intercepts the particle at height h above its center; the height of the dislocation segment, 
above its glide plane upon climb over the particle is z0 and the unraveling distance is x0, as 
shows in Fig. 2.22 [19]. In most precipitation hardening alloys, the precipitate is stiffer than 
the matrix, so the dislocation is repelled by the particles. The repulsion stress is the sum of 
the lattice and modulus mismatches hardening effect [55]. There is no simple solution of 
interaction energy exists for spherical particles, the solution derived by Dundurs et al. [116] 
for an infinitely long cylindrical particle interacting with an straight edge dislocation is 
used to describe the modulus mismatch effect.  
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Fig. 2. 22. Geometry of general climb model, showing an edge dislocation with 
segment CD in the glide plane and segment AC climbing over a particle 
[19].  
Most dislocation climb behaviours happen during creep test at elevated temperature. 
In the creep behaviour there exits a threshold stress is that matrix dislocations require some 
minimum amount of energy through the applied stress to bypass the second-phase 
precipitates [117]. Four possible mechanisms have been considered to explain the presence 
of threshold stresses in precipitation strengthening alloys [118]: (a) precipitate shearing; (b) 
Orowan dislocation looping; (c) dislocations climbing over precipitates; and (d) dislocation 
detachment from precipitates. The dislocation detachment mechanism can be ignored, as it 
is not active for coherent precipitates [119]. Marquis et al. [18] employed general climb 
with elastic interaction model predicted the normalized threshold stress of Al–Sc alloys at 
300 °C, (threshold stress/Orowan stress), as a function of different mean precipitate radii as 
shown in Fig. 2.23. The threshold is caused by repulsive elastic interaction between the 
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matrix dislocations and the coherent precipitates. The threshold stress increases associated 
with increasing of mean precipitate radius.  
 
Fig. 2. 23. Normalized creep threshold stress with respect to Orowan stress at 300 °C as 
a function of precipitate radius for ternary Al–Sc alloys [18]. 
2.4  Hot deformation behavior and workability 
The MMCs applied in industry, would be hot deformed at high temperature. For the 
deformation processing of Al–B4C composites may refers to rolling, forging or extrusion. 
Hot deformation can be investigated and characterized through flow stress, which depends 
on deformation temperature, strain rate and strain [120-122]. Hence, to characteristic hot 
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deformation behavior, the examination of flow curves at a wide range of strain rates and 
deformation temperatures are necessary. For Al alloys, hot deformation can be considered 
to consist of two stages, the initial stage under control of work hardening in which flow 
stress increasing rapidly and the steady state in which work hardening mechanism is 
equilibrium with dynamic softening mechanisms. The dynamic softening mechanisms are 
the dynamic recovery (DRV) and dynamic recrystallization (DRX) processes which are 
active base on the rearrangement of dislocations associated with the increasing of strain 
[123]. 
Many investigations found that dynamic precipitation (DPN) occurred during hot 
deformation in 2×××, 6××× and 7××× series Al alloys [124-130]. The precipitation and 
following coarsening can increase the flow stress level, affect the flow curve shape and 
cause a softening behaviour [131]. The main softening mechanism of a precipitation 
strengthened Al‒Cu‒Mg alloy was reported transformed from dynamic recovery (DRV) to 
dynamic recrystallization (DRX) [132]. The precipitates formed during hot deformation 
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were reported that could restrain DRX level and increased the hot deformation energy [124]. 
It is reported that Sc and Zr can reduce grain size and increase recrystallization resistance 
by forming L12 structure precipitates [9, 133-136]. The fine precipitates of Al3Sc can 
inhibit the migration of grain boundaries, sub-grain boundaries and dislocation movement, 
thereby, restrain the recrystallization effect and therefore result in a high work hardening 
stress [133-135, 137-142]. As shown in Fig. 2.24 is the microstructure of Al‒Mg‒Sc alloy 
deformed to 22 %, primarily consists of grains and sub-grains. Al3Sc precipitates are 
observed to be quite effective in pinning those subgrain boundaries [138]. 
  
Fig. 2. 24. (a) Microstructure of Al-6Mg-0.3Sc sample deformed to 22% at 475 °C and 
at a strain rate of 1.4×10-2 s-1 and (b) significant amounts of fine Al3Sc 
precipitates begin to appear[138]. 
a b 
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The hot deformation behaviours of Al MMCs also can be influenced by enforcement 
particles in the form of enforcement particle cracking [143], interface decohesion [144], 
void formation [145], thermal residual stress caused by coefficient of thermal expansion 
(CTE) mismatch [146], flow localization [147] and deformation incompatibility between 
matrix and enforcement particles [148]. Hot deformation behaviour of Al MMCs is 
complex and greatly affected by deformation temperature and strain rate [120, 121]. It had 
been reported that the enforcement particles with greater volume fraction and finer size in 
Al MMCs will benefit the flow stress [149, 150].  
2.4.1 Constitutive equations 
Constitutive equations are developed to demonstrate the hot deformation behaviors and 
to describe the relationship among strain rate, deformation temperature and flow stress 
[120]. In hot working, the hyperbolic sin law can be used for a large range of strain rate and 
stress levels.  
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 Eq. 2. 7 
Where A, n, and α are material constants,  is strain rate, σ is flow stress (always take 
the peak stress of flow curve), R=8.31 J·mol-1K-1 is universal gas constant and T is absolute 
temperature (K). The Q, hot deformation activation energy, is an important physical 
parameter represents the difficulty level in hot deformation. The activation energy for pure 
Al is about 140−156 kJ/mol [151-153]. The activation energy Q for Al has been found 
varies with composition, microstructure and range of T and  [154]. The activation 
energy of pure aluminum for creep is found to have a distinct relation with temperature, 
shows in Fig. 2.25 [155]. The activation energy for a Al‒5 wt. % B4C composite is found to 
be 200.1 kJ/mol [156] which is higher than pure Al as enforcement particles increase the 
flow stress. Activation energies of a 2026 Al alloy is reported to be 341 kJ/mol [127], 
indicates the strengthening elements present in Al matrix can also restrain the flow of 
material. 
 
!ε = A sinh ασ( )⎡⎣ ⎤⎦
n exp −Q RT( )
 !ε
 !ε
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Fig. 2. 25. Activation energy for creep of pure polycrystalline aluminum as a function 
of temperature [155]. 
2.4.2 Processing Maps 
Dynamic Materials Model is developed by Prasad [157, 158] to understand the 
constitutive behaviour of the work piece [159, 160]. A typical constitutive relation for a 
simple dissipater is schematically represented in Fig. 2.26 in the form of the variation of 
flow stress with strain rate at constant temperature and strain. At any given strain rate, the 
power P absorbed by the work piece during plastic flow is given by [161]:  
 Eq. 2. 8 
 
P =σ !ε = G + J = σ d !ε
0
!ε
∫ + !ε dσ0
σ
∫
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In Fig. 2.26 the area below the curve is the dissipator content , and the 
area above the curve is the dissipator co-content . The G term represents the 
power dissipated by plastic work, most of which is converted into heat; the remaining small 
part is stored as lattice defects. The dissipator co-content J is related to the metallurgical 
mechanisms which occur dynamically to dissipate power [159]. The dynamic material 
behaviour can be modeled explicitly in terms of variations in the power co-content J with 
the process parameters. 
  
Fig. 2. 26. Schematic representation of G content and J co-content for work piece [159]. 
From Eq. 2.8, it follows that at any given temperature and strain, the partitioning of 
power between J and G is given by: 
 
G = σ d !ε
0
!ε
∫
 
J = !ε dσ
0
σ
∫
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 Eq. 2. 9 
Where m is the strain rate sensitivity of flow stress. In the hot-working range for pure 
metals, m is temperature and strain rate independent; but in complicated alloy systems, it 
has been shown to vary with temperature and strain rate [162]. At any given deformation 
temperature, J is evaluated by combine Eq. 2.8 and Eq. 2.9 as: 
 Eq. 2. 10 
Considering that the maximum possible rate of dislocation annihilation can only be as 
fast as the dislocations are generated, the value of J reaches its maximum Jmax when m=1, 
shows in Fig. 2.27 and the work piece acts as a linear dissipator; thus [160], 
 Eq. 2. 11 
 
 
∂J
∂G
⎛
⎝⎜
⎞
⎠⎟ T ,ε
= ∂lnσ
∂ln !ε
⎛
⎝⎜
⎞
⎠⎟ T ,ε
= m
 
J = σ
!εm
m+1
 
Jmax =
σ !ε
2
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Fig. 2. 27. Schematic representation showing Jmax which occurs when strain-rate 
sensitivity m=1 [159]. 
In this case, one-half of the power is dissipated as material flow and the other half is 
dissipated as heat. The behaviour of superplastic materials approaches this extreme. The 
effect of J on the plastic flow of materials can be expressed in terms of efficiency of 
dissipation, η, which is defined as J/Jmax. It can be express as [122, 159, 160, 163, 164]: 
  Eq. 2. 12 
This parameter helps in mapping the dissipative microstructural characteristic of the 
work piece in a wide range of strain rate and temperature. A schematic three-dimensional 
map of the efficiency of power dissipation with temperature and strain rate is shown in Fig. 
2.28.  
 
 
η = J
Jmax
= 2m
m+1
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Fig. 2. 28. Schematic map of the variation of the efficiency of power dissipation with 
temperature and strain rate [164]. 
In view of the non-linear variation of the flow stress with strain rate, the map will have 
hills and valleys. A better representation will be in the form of a contour map obtained by 
sectioning the three-dimensional map at constant efficiency levels, as shown in Fig. 2.29 
[164]. 
 
Fig. 2. 29. Contour map showing iso-efficiency contours [164]. 
Power dissipation maps are generated on the basis of experimental data of flow stress 
as a function of temperature and strain rate in a wide range. While tensile, compression or 
torsion techniques may be used; hot compression tests have decisive advantages. First of all, 
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in a compression test, it is easy to obtain a constant true strain rate. Secondly, in view of a 
simple cylindrical specimen is convenient to measure the adiabatic temperature rise in the 
specimen so that temperature correction may be incorporated.  
A continuum instability criterion based on the extremum principles of irreversible 
thermodynamics as applied to large plastic flow [165] has been used to identify the regimes 
of flow instabilities. The principle of maximum rate of entropy production in metallurgical 
system results in an instability criterion given by[164]: 
 Eq. 2. 13 
The variation of dimensionless parameter  with temperature and strain rate 
constitutes an instability map. Typical microstructural manifestations of flow instabilities 
are adiabatic shear bands formation, flow localization, dynamic strain aging, mechanical 
twinning and kinking or flow rotations. The instability map may be superimposed on the 
power dissipation map in order to show regimes of flow instability. The superimposed map 
 
ξ !ε( ) =
∂ln mm+1( )
∂ln !ε
+ m ≤ 0
 ξ !ε( )
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is called processing maps, on the basis of which metalworking processes may be designed 
and controlled to optimize hot workability and to produce desired microstructures. 
By using the map, the deformation mechanisms in varied deformation conditions can 
be predicted, and the instable deformation domains that should be avoided during hot 
deformation process can be received. Accordingly, the deformation techniques can be 
optimized using the map, and finally, it is also possible to control the structures and 
properties, reduce the failure rate in deformation process, and increase the production 
quality and reliability.  
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Fig. 2. 30. Processing map of aluminum (99.9%) at a strain of 0.4 [122]. 
As shown in Fig. 2.30 is the processing map of aluminum (99.9%) at strain of 0.4. 
Contour numbers represent percent efficiency of power dissipation. Shaded region 
corresponds to flow instability domain. Fig. 2.31 shows power dissipation map (Fig. 2.31a) 
and instability map (Fig. 2.31b) for Al−5 vol. % B4C composite [156]. The maximum 
dissipation efficiency of 64% occurs in the region of strain rate around 10-4 s-1 and 
temperatures 425–475 °C. This high efficiency is caused by dynamic recrystallization 
(DRX). The low dissipation efficiency regions observed over (i) strain rates 10-2–10-1 s-1 
and temperatures 340–450 °C; and (ii) strain rates 10-4–10-3 s-1 and temperatures 200–
280 °C lead to flow localization in composites. 
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Fig. 2. 31. (a) Power dissipation map and (b) instability map calculated at true strain of 
0.5 from compression tests for Al−5 vol. % B4C composite (inside curves 
represent isoefficiency labeled) [156]. 
2.4.3 Post deformation heat treatment 
In recent years, many papers have reported the strengthening behaviours and creep 
behaviours of non-deformed Al‒Sc and Al‒Sc‒Zr alloys [16, 18, 20, 42, 65, 79, 166]. 
However, the information about post-deformation heat treatment, precipitation behaviour 
and thermal stability for deformed Al‒Sc and Al‒Sc‒Zr alloys are still limited. The 
precipitation hardening of Al3Sc in deformed Alloys were reported to be difficult because 
of severe limits on the post deformation solution treatment and the post aging heat 
treatment [6]. In our group previous work, J. Lai found that after an appropriate heat 
treatment, the hot deformed composites (93% deformation ratio) with Sc and Zr could gain 
a certain strengthening effect from Al3ScZr precipitates. The Rockwell hardness of the 
composites decreases greatly associate with prolong of solution treatment (640 °C) time. 
Although some research had been done, the reason of this phenomenon was still an 
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assumption. To improve the mechanical properties of hot rolled composites containing Sc 
and Zr a good understanding of relation between post deformation heat treatment and 
mechanical properties is necessary. 
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3.1  Al−B4C composites preparation 
Three experimental Al−B4C composites were prepared. Their nominal chemical 
compositions are listed in Table 3.1.  
Table 3. 1. Nominal chemical composition of experimental composites 
Code 
Element (wt.%) 
Sc Zr Ti 
B4C 
(vol.%) 
Al 
Base composite − − 1.50 15 
Balance S40 0.40 − 1.50 15 
SZ40 0.40 0.24 1.50 15 
 
In the composite melt preparation, commercial pure aluminum (99.7%) was first 
melted in an electric resistance furnace. The preheated master alloys, Al−2 wt. % Sc, Al−15 
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wt. % Zr and Al−10 wt. % Ti were then added into the aluminum liquid and held at 800 °C 
for 40 minutes to encourage the dissolution of master alloys. The electric resistance furnace 
is shown in Fig. 3.1.  
 
Fig. 3. 1. The electric resistance furnace used for composites preparation with a 
controllable stirring facility. 
Prefabricated Al 1100−25 vol. % B4C with 2.0 wt. % Ti cast ingots, supplied by Rio 
Tinto Alcan, were subsequently introduced into the alloyed melt. The average size of the 
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B4C particles (F360) was 23 µm. The composite melt was held at 740 °C for 30 minutes 
with mechanical stirring to ensure a uniform distribution of B4C particles in the melt, and 
then cast into a preheated permanent steel mould with a dimension of 30×40×80 mm as 
shown in Fig. 3.2. 
 
Fig. 3. 2. Steel mold. 
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3.2  Hot deformation of Al−B4C composites 
Before hot rolling, the S40 and SZ40 composites were homogenized at 640 °C for 24 
hours and 96 hours, respectively, then quenched to water at room temperature. The cast 
ingots were hot-rolled on a laboratory scale rolling mill (STANAT CX-100) as shown in 
Fig. 3.3, with multi-passes at 500 °C. Due to the limitation of the small mill, multi-passes 
were applied during the hot rolling process. Prior to the hot rolling, the composites were 
preheated to 500 °C and kept at this temperature for 5 to 30 minutes, depending on the 
thickness of intermediate rolling plates. The cracking edges were cut during hot rolling. 
The detailed hot-rolling procedure is listed in Table 3.2. 
 
Fig. 3. 3. STANAT CX‒100 laboratory scale rolling machine. 
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Table 3. 2. Hot-rolling procedure and parameter. 
Step 
Thickness 
(mm) 
Decrease 
(mm) 
Pass 
number 
Deformation 
ratio 
(%) 
Annealing 
temperature 
(°C) 
1 27.8 5.8 6 0.209 500 
2 22 4 4 0.182 500 
3 18 3 4 0.167 500 
4 15 2.25 3 0.150 500 
5 12.75 2.25 3 0.176 500 
6 Cutting edge 
7 10.5 1 1 0.095 500 
8 9.5 0.75 1 0.079 500 
9 8.5 0.75 1 0.088 500 
10 8 0.75 1 0.094 500 
11 7.25 0.75 1 0.103 500 
12 6.5 0.75 1 0.115 500 
13 5.75 0.75 1 0.130 500 
14 5 0.5 1 0.100 500 
15 4.5 0.5 1 0.111 500 
16 4 0.5 1 0.125 500 
17 Cutting edge 
18 3.5 0.5 1 0.143 500 
19 3 0.25 1 0.083 500 
20 2.75 0.25 1 0.091 500 
21 2.5 0.25 1 0.100 500 
22 2.25 0.25 1 0.111 500 
23 2 
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3.3  Heat treatment 
A series of heat treatments were conducted in order to follow the homogenization of 
segregations, dissolution of strengthening elements and the precipitation of precipitates of 
the Al‒B4C composites. The homogenization and solution heat treatments were carried out 
in a BLUE-M ELECTRIC furnace having ± 5 °C as a temperature variation at 640°C. The 
specimens were quenched in water at room temperature after treatment. The long term 
annealing procedures were conducted in the electric furnaces (THERMOLYNE) with 
temperature variation of ± 2°C.   
3.3.1 Heat treatment of un-deformed Al‒B4C composites 
To obtain the precipitation strengthening, the cast ingots of S40 were homogenized at 
640 ºC for 24 h whereas SZ40 were treated at 640 ºC for 96 h, and then quenched in water 
at room temperature. The homogenized samples of S40 and SZ40 were aged at 300 ºC for 
24 h, at which the hardness or yield strength of the composites reached the maximum 
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values [1]. The applied heat treatment processes were based on our previous works [1, 2] 
and the aging paraments are listed in Table 3.3. The unalloyed Al 1100‒15 vol. % B4C 
samples (base composite) were tested in the as-cast condition due to its non-heat-treatable 
nature. Moreover, to evaluate the long-term thermal stability, S40 and SZ40 samples on the 
peak aging condition were annealed at elevated temperatures 250 to 350 °C up to 2000 
hours (Table 3.3).  
Table 3. 3. Peak aging and annealing parameters 
Code 
Aging Annealing 
T (°C) Time (h) T (°C) Time (h) 
S40 300 24 
250 500 1000 2000 
300 500 1000 2000 
SZ40 300 24 
300 500 1000 2000 
350 500 1000 2000 
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3.3.2 Post deformation heat treatment of Al‒B4C composites 
 To investigate the effect of deformation ratio on the mechanical properties Al‒B4C 
composites, the rolled plates with thicknesses of 13, 7, 4, and 2 mm, corresponding to a 58, 
77, 87 and 93% reduction ratio respectively, were solutionized in an air furnace or an argon 
atmosphere furnace at 640 ºC for 24 h, quenched in water at room temperature and then 
aged at 300 ºC for 24 h in an air furnace. Moreover, to investigate the influence of the 
solution time on the mechanical properties of the composites, the 2 mm final plates were 
treated in an air furnace at 640 ºC for different times, quenched in water and then aged at 
300 ºC for 24 h. 
The 4 mm sheets with a total reduction ratio of 87 % are used for studying the 
precipitation hardening and thermal stability of Al‒B4C composites. After hot rolling, the 
composite sheets were solution-treated at 640 °C for different time, quenched to water at 
room temperature, and followed by the aging at 300 °C for 24 hours. To assess the 
 91 
long-term thermal stability of mechanical properties, the heat-treated sheets were annealed 
at 300 °C up to 2000 hours. 
3.4  Evaluation of mechanical properties 
3.4.1 Hardness 
Vickers microhardness was applied to evaluate the mechanical properties at ambient 
temperature of Al‒B4C composite in this research, performed on a QUALI TEST HVS‒
1000 Vickers’ hardness tester. The tests were carried on a polished surface of specimens. 
According to the ASTM standard E92‒16, the load is chosen to be 25 g and with 15 s of 
indentation, keep the size of impression in the range of 25‒40 µm. 20 measurements were 
performed on the matrix of each sample. The mean value and standard deviation were 
calculated. 
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3.4.2 Compression test 
Compression tests were applied to access the mechanical properties at elevated 
temperature of Al‒B4C composites in this research. The tests were performed on a Gleebe 
3800 thermo-mechanical testing unit, as shown in Fig. 3.4, with a strain rate 10−3 s−1 to 
determine the 0.2 % offset yield strength (YS) at ambient and elevated temperatures based 
on ASTM E9-89a standard. The samples were deformed to a total trues train of 0.2. The 
dimensions of the cylindrical specimens for compression tests are 15 mm in length and 10 
mm in diameter. An average value of yield strength was obtained from five compression 
tests. 
 
Fig. 3. 4. Gleebe 3800 thermo-mechanical testing unit. 
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3.4.3 Tensile test 
Tensile properties are determined with a tensile testing machine according to the 
ASTM E8M-04 standard (tensile test at room temperature), and ASTM E21 standard 
(tensile test at 250°C and 300°C). Ultimate tensile strength (UTS), 0.2% yield strength 
(YS), and fraction strain (Elongation) were averaged over three tests for each condition. All 
tensile test samples with a thickness of 4 mm, overall length of 100 mm, and gage width of 
6mm and gauge length of 25 mm were machined from the rolled composite plates based on 
ASTM E8M-04 standard. 
3.5  Microstructure observation 
3.5.1 Optical microscopy and sample preparation 
The optical microstructures of the experimental composites were examined by optical 
microscope (Nikon Eclipse ME600). The samples were mounted and polished to 1 micron 
diamond suspension. The detailed preparation procedure of the optical sample is listed in 
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table 3.3. To reveal the grain boundaries of the matrix under optical microscope, polished 
samples were etched with a 0.5% HF solution. Grain size was evaluated following ASTM 
E112 standard. 
Table 3. 4. Polishing procedure 
Compound Force (N) Speed (round/m) Time (min) Lubricant 
SiC sand paper 120 grit 30 120 5 Water 
DP suspension 15 µm 30 120 10 DP Lubricant (red) 
DP suspension 6 µm 30 150 10 DP Lubricant (red) 
DP suspension 3 µm 20 150 10 DP Lubricant (red) 
DP suspension 1 µm 15 150 15 DP Lubricant (red) 
DP suspension 0.5 µm 5 120 3 Water 
 
3.5.2 Scanning electron microscopy (SEM) 
The microstructural features of the composites were observed by optical and a 
scanning electronic microscope (SEM, JSM-6480LV), equipped with an electron 
backscatter diffraction system (EBSD) and an energy dispersive spectrometer (EDS), 
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shown as Fig. 3.5. Moreover, the fractography of tensile test samples were examined by 
using the SEM. 
 
Fig. 3. 5. JEOL JSM-6480LV scanning electron microscope. 
3.5.3 Transmission electron microscopy (TEM) 
For TEM sample preparation, a 500-µm-thick specimen was first sliced from the 
composite samples, from which 3-mm-diameter discs were punched. TEM disc foils were 
prepared by metallographic grinding and polishing as well as dimpling (Fig. 3.6 (a)) 
followed by milling using a Gatan PIPS (Model 691) (Fig. 3.6 (b)).  
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Fig. 3. 6. Gatan dimple machine (a) and Gatan PIPS (b). 
The transmission electron microscope (TEM, JEM-2100) was employed to study the 
precipitation in Al−B4C composites (Fig. 3.7). Centered dark-field images of the 
precipitates were recorded using the {100} superlattice reflections near the <011> direction 
on two-beam diffraction conditions. Convergent-beam electron diffraction (CBED) patterns 
were used to measure the thickness of the TEM specimens. The precipitate volume 
fractions and the equivalent diameters were determined using image analysis system on 
TEM images. To solve the precipitate overlap effect in TEM images, the method in Ref. [3] 
was used for the calculation of volume fraction.  
a b 
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Fig. 3. 7. JEM-2100 transmission electron microscope. 
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Chapter 4 
Mechanical properties and strengthening mechanisms of 
Al‒15%B4C composites with Sc and Zr at elevated 
temperatures 
 
4.1 Introduction 
 Al‒B4C metal matrix composites (MMCs) have been widely used as neutron absorber 
materials in the transport and storage of spent nuclear fuels in the nuclear industry because 
of the special capacity of B4C for excellent neutron absorption [1, 2]. In service, the 
composites can be exposed at elevated temperatures 250−350 °C for extended periods of 
time, owing to the heat generation and accumulation by absorbing thermal neutrons from 
the spent fuels [1, 3]. To improve the overall performance of the neutron absorber materials, 
it is desirable to maximize the operating temperature and thermal stability of materials at 
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such high temperature. As the matrix of MMCs, most commercial precipitation 
strengthened 2xxx, 6xxx and 7xxx aluminum alloys are limited to be used below 200 °C. 
The mechanical properties of these matrices can be seriously deteriorated at higher 
temperature because of rapid coarsening of their precipitates (overaging effect) [4]. For 
precipitation-strengthened aluminum alloys, Al‒Sc alloy is a rare exception, which can be 
used up to 300 °C because it can form nanoscale coherent Al3Sc precipitates with a low 
coarsening rate [5]. Above this temperature, Al3Sc precipitates may coarsen and lose 
coherency, which results in the degradation of mechanical properties of materials [6, 7]. It 
was reported that Zr could partially substitute Sc to form Al3(Sc1-xZrx) precipitates with 
better coarsening resistance [8, 9], which improves the thermal stability of precipitates up 
to 350 °C [9] and increases the strength and recrystallization resistance [10-12]. Compared 
to Sc, Zr has lower diffusivity, and its substitution forms a shell at the α-Al/Al3(Sc1-xZrx) 
interfaces, which inhibits Sc diffusion [13-15]. Moreover, Zr can decrease the lattice 
parameter of the Al3Sc precipitates, which decreases the lattice parameter misfit [16]. Thus, 
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Zr decreases the coarsening rate of precipitates and benefits the thermal stability of 
materials [17].  
 In our previous works [18, 19], the mechanical properties of Al‒B4C (15‒30 vol.% 
B4C) MMCs without alloying at elevated temperatures have been investigated. The 
reinforcement of B4C particles and their interfaces with Al matrix were very stable at high 
temperature. The presence of B4C particles can provide an additional strengthening to Al 
matrix at both ambient and elevated temperatures. The strengthening mechanisms of 
reinforcements in MMCs can be divided into two categories, direct and indirect 
strengthening. The former refers to the load transfer from the weak matrix, across the 
matrix/reinforcement interface, to the higher stiffness reinforcement. And the latter 
involves dislocations accumulation around the reinforce particles due to the thermal 
expansion mismatch [20]. However, due to large particle size of B4C particles (in the 
micrometer scale), their contribution to the overall composite strength was limited. To 
further improve the strength at elevate temperatures, the microstructure and mechanical 
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properties of Al‒B4C MMCs with Sc and Zr additions have been studied [7, 18, 19, 21]. To 
facilitate the manufacture of Al‒B4C composites, the addition of a certain amount of Ti was 
necessary to prevent the degradation of B4C with liquid Al using a liquid-mixing process 
[22]. Ti could also significantly reduce the consumption of Sc and Zr in the interface 
reactions and enable most of the Sc and Zr amounts to be retained in the matrix for 
precipitation strengthening [23]. The results of our previous study [7] demonstrated that the 
yield strength at ambient temperature of Al‒B4C MMCs with Sc and Zr was thermally 
stable at 250‒300 °C up to 2000 h. However, there is currently limited information 
available in the literature about the mechanical properties and their thermal stability at 
elevated temperatures (T > 0.5 Tm (the absolute melting temperature of the alloy)) of Al 
alloys and composites with Sc and Zr. 
The present study examines the mechanical properties and their thermal stability of Al‒
B4C MMCs with Sc and Zr addition at elevated temperatures (T > 0.5 Tm), particularly in 
the range of 250−350 °C, which are correlated with the microstructural evolution during 
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long-term thermal annealing. The study also aims to identify the governing strengthening 
mechanisms at elevated temperature and verify with experimental results, which will be 
used for future development of high-temperature, thermally stable Al-base MMCs. 
4.2 Experimental procedure 
Two experimental Al 1100‒15 vol.% B4C composites, namely S40 with 0.4 wt.% Sc 
and SZ40 with 0.4 wt.% Sc plus 0.24 wt.% Zr, were prepared for this investigation. In 
addition, an unalloyed Al 1100‒15 vol.% B4C composite without Sc and Zr as a base 
material was prepared to compare the effect of the precipitates on mechanical properties. 
Their nominal chemical compositions are listed in Table 4.1.   
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Table 4. 1. Peak aging and annealing parameters 
Code 
Aging Annealing 
T (K/°C) Time (h) T (K/°C) Time (h) 
S40 573 (300) 24 
523 (250) up to 2000 
573 (300) up to 2000 
SZ40 573 (300) 24 
573 (300) up to 2000 
623 (350) up to 2000 
 
 In the composite melt preparation, commercial pure aluminum (99.7%) was first 
melted in an electric resistance furnace. The preheated master alloys, Al‒2 wt.% Sc, Al‒15 
wt.% Zr, Al‒10 wt.% Ti were then added into the aluminum liquid and held at 800 °C for 
40 minutes to encourage the dissolution of master alloys. Prefabricated Al 1100‒25 vol.% 
B4C with 2.0 wt.% Ti cast ingots, supplied by Rio Tinto Alcan, were subsequently 
introduced into the alloyed melt. Ti is deliberately added to limit the Al/B4C interface 
reaction during Al‒B4C composite preparation [22]. The average size of the B4C particles 
(F360) was 23 µm. The composite melt was held at 740 °C for 30 minutes with mechanical 
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stirring to ensure a uniform distribution of B4C particles in the melt, and then cast into a 
preheated permanent steel mold with a dimension of 30×40×80 mm. 
To obtain the precipitation strengthening, the cast ingots of S40 were homogenized at 
640 ºC for 24 h whereas SZ40 were treated at 640 ºC for 96 h, and then quenched in water 
at room temperature. The homogenized samples of S40 and SZ40 were aged at 300 ºC for 
24 h, at which the hardness or yield strength of the composites reached the maximum 
values [21]. The applied heat treatment processes were based on our previous works [7, 21] 
and the peak aging paraments are listed in Table 4.2. The unalloyed Al 1100‒15 vol.% B4C 
samples (the base composite) were tested in the as-cast condition due to its 
non-heat-treatable nature. Moreover, to evaluate the long-term thermal stability, S40 and 
SZ40 samples on the peak aging condition were annealed at elevated temperatures (250 to 
350 °C) up to 2000 hours (Table 4.2).   
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Table 4. 2. Peak aging and annealing parameters 
Code 
Aging Annealing 
T (°C) Time (h) T (°C) Time (h) 
S40 300 24 
250 up to 2000 
300 up to 2000 
SZ40 300 24 
300 up to 2000 
350 up to 2000 
  
Compression tests were performed on a Gleebe 3800 thermo-mechanical testing unit 
with a strain rate 10−3 s−1 to determine the 0.2% offset yield strength (YS) at ambient and 
elevated temperatures based on ASTM E9-89a standard. The samples were deformed to a 
total true train of 0.2. The dimensions of the cylindrical specimens for compression tests 
are 15 mm in length and 10 mm in diameter. An average value of yield strength was 
obtained from five compression tests. Vickers microhardness was also used to assess the 
mechanical properties at ambient temperature (25°C) with a load of 25 g and indentation 
time of 15 s on polished surface. A minimum of 20 measurements were performed on the 
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composite matrix of each sample, from which the mean value and standard deviation were 
calculated.  
The microstructures of the experimental composites were examined by an optical 
microscope, a scanning electronic microscope (SEM, JSM-6480LV), and a transmission 
electron microscope (TEM, JEM-2100). For TEM sample preparation, a 500-µm-thick 
specimen was first sliced from the composite samples, from which 3-mm-diameter discs 
were punched. TEM disc foils were prepared by metallographic grinding and polishing as 
well as dimpling, followed by milling using a Gatan PIPS (Model 691). Centered dark-field 
images of the precipitates were recorded using the {100} superlattice reflections near the 
<011> direction on two-beam diffraction conditions. Convergent-beam electron diffraction 
(CBED) patterns were used to measure the thickness of the TEM specimens. The 
precipitate volume fractions and the equivalent diameters were determined using image 
analysis on TEM images. To consider the precipitate truncation effect in TEM images, the 
method in [24] was used for the calculation of volume fraction. To reveal the grain 
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boundaries of the matrix under optical microscoper, some of samples were polished and 
etched with a 0.5%HF solution. Grain size was evaluated following ASTM E112 standard.  
4.3 Results 
4.3.1 Microstructure characterization 
 Fig. 4.1 shows the typical microstructure of Al 1100‒15 vol.% B4C composites in an 
example of S40. The B4C particles were uniformly distributed in the Al matrix (Fig. 4.1a), 
and particle clusters were rarely found. The Al matrix of the composites has all coarse 
grains, and the average grain sizes are approximately 100 µm in SZ40 and 130 µm in S40 at 
the peak aging condition. At high magnification (Fig. 4.1b), some small reaction-induced 
particles, which were generated during the melt preparation such as TiB2, Al3BC, ScB2 and 
Al3ScC (identified in [23]), are observed around the B4C particles. During the long-term 
thermal annealing at the temperature range of 250−350 °C, the B4C ceramic particles and 
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Al grains were notably stable. The variation of grain sizes for both S40 and SZ40 before 
and after 2000 h annealing was less than 0.8%. 
  
Fig. 4. 1. Optical microstructure of S40 composite at the peak aging: (a) low 
magnification and etched sample and (b) high magnification. 
 The precipitation evolution of the S40 and SZ40 composites under the peak aging 
condition and long-term annealing was examined using TEM. Fig. 4.2 shows representative 
TEM micrographs at different thermal-treatment conditions. At the peak aging condition 
(Figs. 4.2a and 4.2d), fine and coherent Al3Sc and Al3(Sc, Zr) precipitates of S40 and SZ40 
composites were formed in the Al matrix with a high number density. Most Al3Sc and 
Al3(Sc, Zr) precipitates exhibit a spherical morphology and homogeneously distribute in 
the Al matrix. The volume fraction of the Al3Sc precipitates in S40 is approximately 0.24% 
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with an average radius of 1.7 ± 0.7 nm, whereas the volume fraction of Al3(Sc Zr) in SZ40 
is approximately 0.33% with an average radius of 1.1 ± 0.32 nm. 
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Fig. 4. 2. TEM dark field images showing precipitates: S40 on peak aging condition 
(a);  2000 h annealing at 250 °C (b); 2000 h annealing at 300 °C (c); SZ40 
on peak aging condition (d); 2000 h annealing at 300 °C (e); and 2000 h 
annealing at 350 °C (f). 
During the long-term annealing at high temperatures, precipitate coarsening can be 
observed. For the S40 composite, annealing at 250 °C for 2000 h yielded an average 
precipitate radius of only 2.1 ± 0.59 nm (Fig. 4.2b), whereas annealing at 300 °C for 2000 h 
yielded a precipitate radius of 6.1 ± 2.34 nm (Fig. 4.2c), which indicates that the precipitate 
coarsening in S40 only becomes obvious at 300 °C. Meanwhile, the average precipitate 
radius of the SZ40 composite is approximately 1.4 ± 0.32 nm after 2000 h at 300 °C (Fig. 
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4.2e), and it grows to 4.5 ± 1.48 nm after annealing at 350 °C for 2000 h (Fig. 4.2f). Fig. 
4.3 shows the precipitate coarsening curves as a function of annealing time for both S40 
and SZ40 composites. Compared to the Al3Sc precipitates in S40, the Al3(Sc, Zr) 
precipitates in SZ40 exhibit a low coarsening rate even at higher temperatures. It is to 
notice that the standard deviation of Al3Sc radius is larger than that of Al3(Sc, Zr) in Fig. 
4.3, mainly due to high coarsening rate of Al3Sc. The precipitate coarsening behaviors in 
both S40 and SZ40 composites can be described using Lifshitz-Slyozov-Wagner (LSW) 
equation [25-27]: 
   Eq. 4. 1 
where 𝑟! is the mean initial precipitate radius, 𝑟!  is the precipitate radius at time t, and a is 
the coarsening rate constant, which is related to the temperature and material composition 
[16, 28, 29].  
 rt
3 − r0
3 = at
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Fig. 4. 3. Precipitate coarsening as a function of annealing time at 250 °C and 300 °C 
for S40 (a) and at 300 °C and 350 °C for SZ40 (b). 
The coarsening rate constants a, which are experimentally determined in Fig. 4.3, are 
1.30×10-33 m3s-1 at 250 °C and 3.16×10-32 m3s-1 at 300 °C for the S40 composite. For the 
SZ40 composite, the constant values are 1.27×10-33 m3s-1 at 300 °C and 1.19×10-32 m3s-1 at 
350 °C. The results imply that during prolonged exposure at elevated service temperatures, 
the Al3(Sc,Zr) precipitates in SZ40 are more thermally stable and coarsening-resistant than 
the Al3(Sc) precipitates in S40, which is confirmed by similar observations in other Sc‒ and 
Zr‒ containing aluminum materials [8, 21]. 
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4.3.2 Mechanical properties as a function of temperature 
The yield strengths of four different materials were evaluated at various temperatures, 
as showed in Fig. 4.4a. The true stress-train curves of three Al‒15%B4C MMCs obtained 
from compression tests are displayed in Figs. 4.4b‒d, from which the 0.2% offset yield 
strengths are determined. All measured yield strengths are listed in Table 4.3. In general, 
the yield strength of aluminum, including the AA1100 alloy and the matrix of the base 
composite, decreases with the increase in test temperature mainly due to the decrease in 
aluminum shear modulus with increasing temperature [30]. The measured yield strength of 
the base Al-15%B4C composite at ambient temperature is 46 MPa, which is approximately 
12 MPa above that of the AA1100 alloy (commercially pure Al). With increased tested 
temperature, the increment of the yield strength of the base composite slightly decreases 
and remains about 10 MPa at 300 °C. 
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Fig. 4. 4. Yield strengths of S40, SZ40, the base composite (Al−15%B4C) and 
AA1100 at various test temperatures. * The data of AA1100 are from the 
reference [4]. 
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Table 4. 3. Yield strengths measured at different test temperatures 
Test temperature 
(oC) 
Yield strength (MPa) 
S40 SZ40 Base composite 
25 141.3±10.8 165.4±13.9 45.8±1.1 
250 59.3±1.6 71.9±2.6 31.6±0.9 
300 46.0±1.9 54.0±1.6 25.2±2.0 
350 39.3±1.1 39.2±1.6 18.4±0.5 
 
Meanwhile, the composites alloyed with Sc (S40) and Sc and Zr (SZ40) have much 
higher strengths than the base composite, particularly at ambient temperature. The yield 
strengths of S40 and SZ40 are 141 MPa and 165 MPa, respectively, at ambient temperature. 
Precipitated during the aging treatment, the high number density of nanoscale precipitates 
Al3Sc and Al3(Sc, Zr) effectively strengthens the composites at ambient temperature. At 
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elevated temperatures (250−350°C), the yield strength dramatically decreases with 
increasing temperature. For example, at 300 °C, the yield strengths of S40 and SZ40 are 
reduced to 46 and 54 MPa, respectively. SZ40 generally has higher yield strength than S40 
mainly because of a higher volume fraction of precipitates.  
 It should be mentioned that even at high temperatures (250−350°C), the yield strengths 
of S40 and SZ40 are still much higher than that of the base Al‒15%B4C composite. It 
indicates that Al3Sc and Al3(Sc, Zr) precipitates in Al matrix provide the predominate 
contribution to the overall composite strength. The presence of large B4C particles in the 
tens micrometers can only moderately contribute to the composite strength, which is mainly 
attributed to the load transfer from the soft matrix onto the hard reinforcement and 
dislocation accumulation around reinforce particles due to thermal expansion mismatch 
between the matrix and the reinforcement particles [31].   
The overall strength 𝜎t of a material, which includes various characteristic strength 
increment 𝛥𝜎i, can be described by the empirical Eq. (2) with an exponent 1≤𝑘≤2 [32]. 
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  Eq. 4. 2 
For Al‒B4C composites with Al3Sc and Al3(Sc, Zr) precipitates, the precipitate 
strength increments can be calculated using Eq. 4.3: 
  Eq. 4. 3 
where 
 
σ Al+B4C  is the strength contributed by the unalloyed Al−15%B4C composite, 
and  is the strength increment attributed to the precipitates. It has been reported that k 
is equal to 1 for an Al−2 wt.% Mg alloy that was strengthened by nanoscale Al3Sc 
precipitates [33]. In the present study, we adapted k=1 to calculate all yield strength 
increments contributed by precipitates. 
4.3.3 Thermal stability during long-term thermal holding 
The mechanical properties at ambient temperature after long-term thermal holding at 
various temperatures were evaluated using Vicker’s hardness measurement (Fig. 4.5). The 
results in Fig. 4.5 show that the microhardness of two Sc‒ and Zr‒ containing composites 
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remains notably stable up to 2000 h at lower exposure temperatures (250 °C for S40 and 
300 °C for SZ40), whereas the microhardness of both materials remarkably decreases with 
prolonged holding time at higher exposure temperatures (300 °C for S40 and 350 °C for 
SZ40). For example, the microhardness of the S40 composite at 300 °C decreases after 500 
h of holding, and its value decreases from 65 HV at the beginning of holding to 54 HV after 
2000 h of holding. 
 
Fig. 4. 5. Vickers microhardness, measured at ambient temperature, after the composites 
annealed at elevated temperatures for different holding time: (a) S40 and (b) 
SZ40. 
At lower exposure temperatures, the precipitates in both composites (Al3Sc in S40 and 
Al3(Sc, Zr) in SZ40) exhibit notably limited coarsening (Fig. 4.3); thus, both composites 
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exhibit excellent softening resistance (up to 250 °C) for S40 and 300 °C for SZ40). At 
higher exposure temperatures, the Al3Sc and Al3(Sc, Zr) precipitates slowly coarsen with 
time, which weakens the material strength and causes the progressive softening during the 
prolonged thermal holding. A similar tendency of the mechanical properties of Al‒B4C 
composites with Al3Sc and Al3(Sc, Zr) precipitates at ambient temperature was also 
observed in the previous study [7]. It is also evident that the addition of Zr into the Sc‒ 
containing composite improves the softening resistance and delays the material softening 
towards higher temperature. 
To evaluate the mechanical properties at elevated temperatures, compression tests were 
performed at the same temperatures as the sample-annealing temperatures. Fig. 4.6a shows 
the yield strength of S40 as a function of the holding time at two tested temperatures. At 
both temperatures (250 and 300 °C), the yield strength first increases in the initial 500 h 
and tends to stabilize up to 2000 h. The yield strength of SZ40 remains unchanged from the 
beginning of holding till 2000 h at 300 and 350 °C (Fig. 4.6b). At lower exposure 
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temperatures during annealing, both precipitates in S40 and SZ40 were practically stable 
against coarsening (Fig. 4.3). Thus, the yield strength at elevated temperatures remains 
stable during the entire annealing period (2000 h). However, at higher exposure 
temperatures (300 °C for S40 and 350 °C for SZ40), the Al3Sc and Al3(Sc, Zr) precipitates 
in both composites coarsened with prolonged holding time. It is surprising to observe 
constant and stable yield strengths at such high temperatures. On the other hand, for 
long-term service as neutron absorber materials, the Al‒B4C composite with Sc (S40) can 
generally sustain stresses on the order of 50 MPa at 0.61Tm (300 °C), while the SZ40 
composite can be further operated under stresses on the order of 40 MPa at 0.67Tm 
(350 °C).  
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Fig. 4. 6. Yield strength, measured at the same elevated temperature as the annealing 
temperature, as a function of annealing time: (a) S40 and (b) SZ40. 
 Based on the results of mechanical properties at various temperatures and their 
evolution during long-term thermal holding, a few interesting phenomena are observed: (1) 
the yield strength increment of two composite materials dramatically decreases with 
increasing test temperature; (2) during the long-term holding at high temperatures (300 °C 
for S40 and 350 °C for SZ40), the mechanical properties at ambient temperature of the two 
composites gradually decrease with prolonged holding time because the Sc‒ and Zr‒ 
containing precipitates coarsen; (3) the mechanical properties at elevated temperatures 
remain thermally stable during 2000 h annealing and independent from the coarsening of 
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Sc‒ and Zr‒ containing precipitates, unlike those tested at ambient temperature. This 
information suggests that the strengthening mechanisms of the precipitates can be different 
at ambient and elevated temperatures. To understand the mechanical properties at various 
temperatures and their thermal stability at high temperature, the possible strengthening 
mechanisms are outlined and discussed below. 
4.4 Discussion 
4.4.1 Strengthening mechanisms 
For precipitation-strengthened materials that are operated at elevated temperature, both 
the ambient-temperature strength and high-temperature strength are essential for the overall 
performance of materials. The ambient-temperature strength can be generally explained and 
predicted by classical precipitate shearing and Orowan bypassing mechanisms [10, 17, 21, 
30, 32, 34]. It is known that for a precipitate, which has a size smaller than the critical 
radius and has coherent structure with matrix, the strength is controlled by precipitate 
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shearing, whereas for large precipitate sizes the Orowan dislocation bypass mechanism 
controls the strength. At elevated temperature, there is sufficient thermal energy to allow 
dislocation circumventing the precipitates by climbing. The dislocation climb mechanism 
may become active when deformed at elevated temperature with low strain rates because 
the vacancy diffusion becomes significant at temperature above 0.5Tm [35, 36]. Miura et al. 
[37] used the dislocation climb to explain the tensile deformation behavior of an Al-Sc 
alloy at temperatures between 25 °C and 250 °C. To explain the creep properties of Al-Sc 
alloys at elevated temperature, Marquis et al. [30, 35] introduced a dislocation climb 
mechanism and developed a model to predict the creep threshold stresses. 
4.4.1.1  Dislocation climb mechanism 
 In precipitate-strengthened Al alloys, the interaction between the dislocation and the 
matrix mainly includes: (1) modulus mismatch; (2) lattice mismatch (coherency 
strengthening); and (3) order strengthening [10, 32, 34, 35]. For coherent precipitates, the 
repulse stress for dislocation climbing is caused by the elastic interaction between the 
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dislocations and the precipitates [35]. The components of the elastic reaction are due to 
lattice mismatch and modulus mismatch [34, 35]. Therefore, the strength increment caused 
by dislocation climb strengthening, ΔσC, is the sum of ΔσLMC and ΔσMMC, which are the 
strength increments of lattice mismatch and modulus mismatch, respectively. 
To calculate ΔσMMC, the force F that acts on the dislocation must be determined. Based 
on a model proposed by Marquis and Dunand for dislocation climbing over a coherent 
precipitate at elevated temperature [34, 35], a schematic of a dislocation at an initial 
location to climb over a precipitate is shown in Fig. 4.7. In fact, most of the Al3Sc and 
Al3(Sc, Zr) precipitates exhibit a spherical morphology (Fig. 4.2). However, due to its 
complexity, there is no direct analytical solution for spherical morphology available in 
literature. A cylindrical form was selected [35, 38], because there is an analytical solution 
for a unit length of a straight dislocation to describe the interaction energy between a 
dislocation and an infinitely long cylinder, developed by Dundurs [39]. A cylinder-like 
particle with 2r in diameter and 2r in length (r is the cylinder radius) is taken as an 
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approximation of a spherical particle (Fig. 4.7). The edge dislocation is at a distance, r+nb, 
away from the precipitate center; where b is the magnitude of the matrix burgers vector and 
n is a variable number which should be larger than 0.5 [35]. The dislocation position is 
determined by y=cosθ(r+nb) and z0+h=sinθ(r+nb); where h is the distance between the 
dislocation glide plane and precipitate center, z0 is the height of the dislocation segment 
climbed above its glide plane as shown in Fig. 4.7b and θ is the angle between the 
coordinate origin plane and the plane composed of the climbed dislocation segment. Based 
on the interaction energy for a unit length of an edge dislocation, the force between 
particles and dislocations can be calculated using Eq. 4.4 [39]:  
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Eq. 4. 4 
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E is the interaction energy for a unit length of an edge dislocation with precipitates [39]. 
According to Eq. 4.4, the force opposing dislocation glide is the greatest at θ=0, i.e. 
z0+h=0. Here, the initial position of a dislocation to climb a precipitate with a maximum 
repulsion force is at θ=0 with a distance y=r+nb as shown in Fig. 4.7, and this dislocation 
initial position is applied for the prediction of mechanical properties in the study.    
The dislocation is away from a precipitate with a distance y, and the expressions of α 
and β are as follows: 
   Eq. 4. 5 
   Eq. 4. 6 
 
α =
Γ km +1( )− kp +1( )
Γ km +1( ) + kp +1
 
β =
Γ km −1( )− kp −1( )
Γ km +1( ) + kp +1
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Fig. 4. 7. Three-dimensional schematic showing an edge dislocation to climb a particle 
(a) and the side view (b). The dislocation 1 is located at the position: z=z0+h 
and y=cosθ(r+nb), and the dislocation 2 is on the position with a maximum 
repulsion force. 
Gm and Gp are the shear moduli of the matrix alloy and precipitates, respectively. The 
modulus mismatch parameter is defined as Γ=Gm/Gp; the Poisson parameters are: km=3-4νm 
and kp=3-4νp, where ν is Poisson’s ratio, and the subscripts m and p refer to the matrix and 
the particle, respectively [35, 39].  
The critical resolved shear stress (CRSS) is described as [27]: 
  Eq. 4. 7 
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where f is the volume fraction of precipitates, then, the contribution of the modulus 
mismatch is [27]: 
 Eq. 4. 8 
Here, M is the mean matrix orientation factor, for aluminum, M=3.06 [40]. The 
contribution of the lattice mismatch is [27, 41]: 
 Eq. 4. 9 
where χ=2.6 is a constant [27], and ε is the constrained strain. Here ε is [30]: 
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and, 
 Eq. 4. 11 
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where δ is related to the difference between the lattice parameters ap and am of 
precipitate and matrix, respectively. The lattice parameter at 25 °C is 0.4049 nm for Al and 
0.4103 nm for Al3Sc [16].  
4.4.1.2 Orowan bypass mechanism 
Orowan proposed the following strengthening mechanism: a dislocation loop appears 
around each particle when a dislocation bypasses precipitates [42]. This mechanism usually 
is operative for precipitates with larger sizes [21, 30]. The contribution in yield strength 
ΔσO due to this mechanism is determined by Eq. 4.12 [40]: 
   Eq. 4. 12 
where λ is the inter-precipitate distance, which is [32]: 
   Eq. 4. 13 
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4.4.1.3 Shearing mechanism 
For coherent precipitates with small sizes, the strength is controlled by the shearing 
mechanism, where a dislocation cuts and bypasses the precipitate. The precipitate 
strengthening has three main contributions: (i) modulus mismatch; (ii) lattice mismatch, 
and (iii) order strengthening. The strength increment Δσs, which is attributed to the shearing 
mechanism, is taken as the maximum value of modulus and lattice mismatches or the order 
strengthening [10]. Thus, they are described as follows [27]: 
 Eq. 4. 14 
where Δσos is the strength increment from order strengthening. γapb is the antiphase 
boundary (APB) energy per unit area on the slip plane, and γapb≈0.5J/m2 [43-45].   
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Here, ΔσMMS, and ΔσLMS are the contributions of the modulus mismatch and lattice 
mismatch to the strength increment in the shearing mechanism, respectively; m is a constant 
value of 0.85 [27]. 
4.4.2 Strengthening at ambient temperature 
Fig. 4.8 shows the theoretical yield stresses at ambient temperature as a function of the 
precipitate size for both S40 and SZ40 composites based on the precipitate shearing and 
Orowan bypass mechanisms. The parameters in the calculation are listed in Table 4.4. In 
the theoretical stress curves, the yield strength sharply increases with the increase in 
precipitate size, when the shearing mechanism controls the process for the precipitate that is 
smaller than the critical value (~2 nm), but the strength decreases with increasing 
precipitate size when the Orowan mechanism is dominant for the precipitate with radius 
larger than 2 nm. 
Table 4. 4. Constants used in the calculations. 
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T (°C) Gm1*(GPa) Gp2*(GPa) b3* (Å) δ-S404* δ-SZ404* νm νp 
25 25.4 [16] 69 [46] 2.86[16] 1.34%[16] 1.07%[16] 
0.34[46] 0.2[43] 
250 22.4 66.8 2.87 1.17% 0.90% 
300 21.1 [16] 66.2 2.88 1.14% 0.87% 
350 21.0 65.7 2.88 1.10% 0.83% 
1* Temperature dependence of the shear modulus is given by −13.6 MPa·K-1 for Al [47]. 
2* Temperature dependence of the Young’s modulus is given by −26 MPa·K-1 [48]. 
3* Thermal expansion coefficient value of Al is 24.7×10-6 K-1 [29]. 
4* Thermal expansion coefficient value of 16×10-6 K-1 for Al3Sc [16].  
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Fig. 4. 8. The calculated (shearing and Orowan mechanisms) and experimental 
strength data at 25 °C as a function of mean precipitates for S40 (a) and 
SZ40 (b). The measured values in strength increments at elevated 
temperatures (300 °C) are also included for comparison. 
 The measured increments in yield strength at ambient temperature are included in Fig. 
4.8. The data points were obtained from the compression tests and microhardness 
measurements using the relationship Δσp≈HV/3 [49]. For the S40 and SZ40 samples at the 
peak aging condition, the experimental stress values were fitted in the shearing mechanism 
zone because the precipitate size is notably small. For the samples that were annealed at 
elevated temperatures (250−350 °C) and tested at ambient temperature, the Orowan 
mechanism controlled the process when the precipitates grew above the critical radius. The 
experiment and theoretical prediction values are consistent for all samples tested at ambient 
temperature.   
 The measured yield strength increment at 300 °C is exemplary included in Fig. 4.8 
for comparison. As anticipated, the yield stress is considerably lower at 300 °C than at 
ambient temperature. For both S40 and SZ40 samples at the peak aging condition and 
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tested at elevated temperatures, the precipitate sizes remain notably small (1−2 nm), but the 
measured yield stress values are at least one order of magnitude lower than the theoretical 
values. Therefore, the shearing mechanism can be excluded as an operative strengthening 
mechanism at elevated temperature. In the Orowan bypass mechanism (Eq. 4.12), the 
decrease in strength with increasing temperature may arise from the temperature 
dependence of the shear modulus Gm. Considering that Gm decreases from 25.4 GPa at 
ambient temperature to 21.1 GPa at 300 °C for aluminum matrix (Table 4.4), the modified 
Orowan stress curve at 300 °C as a function of the precipitate size is also included in Fig. 
4.8. The Orowan stress at 300 °C is generally shifted to a lower value than that at ambient 
temperature. However, the measured yield strength at 300 °C remains much lower than the 
predicted ones, which indicates that the classical Orowan bypass mechanisms cannot 
predict the precipitate strengthening effect at elevated temperature, and another 
strengthening mechanism should be involved.  
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4.4.3 Strengthening at elevated temperatures 
A dislocation climb mechanism is invoked to explain the deformation at elevated 
temperatures (> 0.5Tm) [35, 36]. Fig. 4.9 shows the theoretical yield stresses as a function 
of precipitate size at 300 °C with S40 (0.24 vol.% Al3Sc) as an example based on the 
dislocation climb and Orowan bypass mechanisms (Eqs. 4.8-4.13). The parameters in the 
calculation are listed in Table 4.4, and the climb stresses are calculated using the distance y 
from r+2b and r+5b as the upper and lower boundaries, respectively. At elevated 
temperatures, the dislocation climb mechanism operates at stresses lower than the Orowan 
ones for an alloy with small and intermediate-sized precipitates (1-8 nm in radius). The 
strength increases with increasing precipitate size, which shows a contrary tendency to the 
Orowan mechanism in this size range. The predicted critical value of the precipitate radius 
is approximately 8 nm for the r+5b distance. For the large precipitate size (> 8 nm), the 
Orowan mechanism is dominant again. 
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Fig. 4. 9. Theoretical calculation of yield stresses based on the models of dislocation 
climb and Orowan mechanisms for S40 (0.24 vol.% Al3Sc) at 300 °C as a 
function of precipitate radius. The distance, y=r+2b or r+5b, are used in the 
dislocation climb model (see Fig. 4.7). 
In the dislocation climb model, the distance y between a precipitate center and a 
dislocation (see Fig. 4.7 and Eq. 4.4) represents the initial point of a dislocation to climb a 
precipitate. In this study, the unit of the distance is considered the Burgers vector of 
aluminum matrix, b. In general, the distance required to climb a precipitate increases with 
the increasing temperature because the vacancy density in materials increases at higher 
temperature, which results in a lower energy required for the dislocation climb [42]. 
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Moreover, the increase in precipitate size may lead to an increase in climb distance [38], 
which is related to the increased repulsive stress to a dislocation (Eqs. 4.4-4.9). However, 
the precipitates Al3(Sc, Zr) have less lattice misfit (1.07%) with aluminum matrix than 
Al3Sc (1.34%, see Table 4.4), which leads a lower strain field around the precipitate and 
consequently a lower y value. Thus, for S40, the distance y for the strength calculation is 
taken from r+2b to r+5b. For SZ40, considering the smaller precipitate size and less lattice 
misfit, the distance value is taken from r+b to r+2b when the precipitates are in the peak 
aging condition or limited coarsening (< 2 nm in radius), but the distances from r+2b to 
r+5b are used for the calculation to predict the strength at 350 °C, where the precipitate 
coarsening becomes obvious. 
In fact, the size distribution of the precipitates varies over a wide range, particularly 
during the coarsening process. Fig. 4.10 shows an example of the precipitate size 
distribution of S40 after annealing at 300 °C for 2000 hours. The particle size ranges from 1 
nm up to 14 nm. It is worth mentioning that the critical coherent radius of Al3Sc 
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precipitates is around 15 nm [50] and the discussion below is based on the coherent 
precipitates. The increment of yield strength due to different precipitate sizes will be 
determined by the combination of dislocation climb and Orowan mechanisms at elevated 
temperature (see Fig. 4.10). 
 
Fig. 4. 10. Precipitate size distribution and LSW simulation in S40 annealing at 300 °C 
for 2000 h. 
Because the precipitate coarsening behaviour generally follows 
Lifshitz−Slyozov−Wagner (LSW) function (see Figs. 4.3 and 4.10), the density function of 
the particles in a material, 𝑓 !! , can be expressed as [25, 26, 51]:  
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  Eq. 4. 16 
 Eq. 4. 17 
where r is the actual precipitate radius, and 𝑟 is the mean precipitate radius. Because 
the function of dislocation climbing and Orowan bypass mechanisms are in parallel, 
strengthening is given by the smaller one of these two strengthening models. Then, the 
precipitate strengthening contribution of the two mechanisms can be described as follows: 
 Eq. 4. 18 
Both calculated increments in yield stresses (Eq. 4.18) and experimental data of S40 
and SZ40 at elevated temperatures are shown as a function of the precipitate size in Fig. 
4.11. The yield strength increments of the S40 samples, which were annealed and tested at 
250 ºC, are located in the calculated dislocation climbing zone using y = r+2b (Fig. 4.11a). 
In this zone, the strength increases with increasing precipitate size. When the samples were 
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annealed for 2000 h and tested at 300 ºC, (0.61Tm), four experimental data points belonged 
to the dislocation climb zone with the r+2𝑏 and r+5b distance (Fig. 4.11b). At this 
temperature, the precipitates were coarsening. The mean Al3Sc precipitate radius increases 
from 1.7 nm at the peak aging to 6.2 nm after 2000 h of annealing, which results in the shift 
of the dislocation climb distance from r+2b to r+5b. Thus, the yield strength of S40 at 300 
ºC slightly increases in the first 500 h of annealing and subsequently remains more and less 
stable (Fig. 4.6a).  
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Fig. 4. 11. The calculated yield strength increments and experimental strength data as a 
function of the mean precipitate radius: for S40 at 250 °C (a) and 300 °C (b); 
for SZ40 at 300 °C (c) and 350 °C (d). 
To evaluate the possible Orowan mechanism for larger precipitates, the S40 samples 
were maintained at 450 ºC for 45, 130 and 225 minutes to obtain large precipitate sizes of 
7.5, 12.4, and 14.8 nm in mean radius, respectively; then, the samples were tested at 300 ºC, 
shown in Fig. 4.11b. It is interesting to observe that these experimental data fall into the 
Orowan operative zone, and the yield strengthen increment slightly decreases when the 
precipitate radius is larger than 7.5 nm, which indicates that the calculated and 
experimental data have consistent tendencies (Figs. 4.11a and 4.11b).  
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For the SZ40 samples that were tested at 300 ºC, four data points of the yield strength 
increment are located in the dislocation climb zone between the r+b and r+2b climb 
distances (Fig. 4.11c). The tested strength values do not significantly change, which is 
attributed to a similar precipitate size and no coarsening at 300 ºC. The experimental data at 
350 ºC are located in the calculated dislocation climb zone between r+2b to r+5b (Fig. 
4.11d). At 350 ºC, the Al3(Sc, Zr) precipitates also become obviously coarsening, and the 
mean precipitate radius increases from 1.1 nm at peak aging to 5 nm after 2000 h of 
annealing. The increase in precipitate size increases the climb distance. In the dislocation 
climb zone (Fig. 4.11d), a larger precipitate size corresponds to higher strengthening effect, 
but a larger dislocation climb distance means a lower strengthening effect. Because of the 
synthesizing effect of precipitate coarsening and dislocation climb distance increase in the 
dislocation climb model, the yield strength of SZ40 at 350 ºC remains approximately stable 
after the long-term annealing (Fig. 4.6b). 
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As previously mentioned, the classical precipitate shearing and Orowan bypass models 
can hardly predict the high-temperature strength of precipitation-strengthened materials. 
Using the dislocation climb model, the predicted yield stresses of S40 and SZ40 after the 
peak aging condition, tested at 250−350 ºC, are notably close the experimental data. The 
calculated values of S40 are located in the zone of the climb distance from r+2b to r+5b, 
whereas they are in the zone from r+b to r+2b for SZ40, shown in Fig. 4.12. The strong 
decrease in yield strength of S40 and SZ40 at elevated temperatures (250−350 ºC) (Fig. 4.4) 
is attributed to a lower strengthening efficiency of dislocation climb compared to 
precipitate shearing at ambient temperature. 
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Fig. 4. 12. Calculated yield strength increments and experimental data after the peak 
aging tested at 250−350 ºC for S40 (a) and SZ40 (b). 
It is evident that the dislocation climb model indeed predicts the trend of much lower 
yield stresses at high temperature for small and intermediate-sized precipitates (1-8 nm in 
radius) compared to ambient temperature. For larger precipitates (> 8-10 nm), the Orowan 
mechanism with modified Gm can predict the high-temperature yield strength. The 
high-temperature experimental data of S40 and SZ40 at peak aging and during the 
long-term annealing (precipitate coarsening) are fairly consistent with the theoretical 
prediction, which provides a conceptual understanding about the mechanical behavior at 
high temperature. However, there is no literature and experimental value for the dislocation 
distance y as a function of temperature and precipitate size in the dislocation climb model. 
With simplified assumptions in the model, the accuracy of the predictions is certainly 
affected to some extent. 
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4.4.4 Prospect of dislocation climb and Orowan mechanisms for 
high-temperature applications 
For Al‒based materials that are alloyed with Sc and Zr and exposed to high 
temperature (>0.6Tm), the coarsening of Al3Sc and Al3(Sc, Zr) precipitates are often 
inevitable. The strength variation with coarsening precipitates at high service temperature 
are major concerns for material design and application. Fortunately, the high-temperature 
strength of such materials is more tolerable for large precipitate size caused by the 
coarsening process. For the best strength at high temperatures (300−350 ºC), the optimal 
precipitate radius is approximately 7−9 nm for S40 and SZ40 (Figs. 4.11b and 4.11d). On 
the contrary, the highest strength at ambient temperature is achieved at the precipitate 
radius of approximately 2 nm (Fig. 4.8). At the intermediate size range (4‒14 nm), the 
high-temperature strength only moderately changes with the precipitate size, which is 
predicted by the proposed dislocation climb and Orowan models (Fig. 4.11b and 4.11d). 
For example, the yield strength increment of S40 at 300 ºC (r+5b) changes from 44 MPa 
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with 𝑟 = 4 nm to 33 MPa with 𝑟=14 nm. Using the coarsening rate constant a = 
3.16×10-32 m3s-1 at 300 ºC (Fig. 4.3), it may take a total of 23 558 h as Al3(Sc) precipitates 
grows up from 4 nm to 14 nm. SZ40 has a similar trend. The predicted strength increment 
(r+5b) at 350 ºC is approximately 39 MPa with 𝑟 = 4 nm. When Al3(Sc, Zr) precipitates 
coarsen to 𝑟  = 14 nm, the strength increment only changes to 38 MPa. Using the 
coarsening rate a = 1.19×10-32 m3s-1 at 350 ºC, it takes approximately 62 558 h to increase 
the precipitate radius from 4 nm to 14 nm. In addition, for coarser precipitates (>14 nm), 
the yield strength at high temperatures only slightly decreases according to the Orowan 
operative mechanism (Figs. 4.11b and 4.11d), which provides a good safety margin for 
materials with a slow coarsening rate at high temperature. 
Previous studies [10, 30] found that the creep resistance of AlSc(Zr) alloys at elevated 
temperature (300 ºC) increased with increasing precipitate radius, and the optimal creep  
resistance occurred at the precipitate radii of 6 to 9 nm, which was explained using the 
dislocation climb mechanism. Similar to the creep resistance, the high-temperature strength 
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of Al3Sc and Al3(Sc, Zr) with Al‒B4C composites is also less sensitive to coarse 
precipitates. With a low coarsening rate of Al3Sc and Al3(Sc, Zr), Al‒B4C composites with 
Sc and Zr are expected to perform well during prolonged exposure at elevated service 
temperatures. The tolerance of the precipitate coarsening (maximum allowable precipitate 
radius) depends on the usage temperature and duration, because the overall performance of 
a material is a trade-off between both mechanical properties at ambient and high 
temperatures. The proposed dislocation climb and Orowan mechanisms in this work 
provide an insight of the precipitate strengthening at high temperature and a guide for 
further Al‒B4C composite design. 
4.5 Summary 
1. The presence of large B4C particles (15 vol.% with average size 23 µm) has a 
moderate strengthening effect on Al‒B4C composites. The yield strength contribution 
of 15vol.% B4C is approximately 12 MPa at ambient temperature and remains about 
10 MPa at 300 °C. The precipitation of nanoscale Al3Sc and Al3(Sc, Zr) in the 
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composite matrix provides a significant and predominate contribution to the composite 
strength at both ambient and elevated temperatures. 
2. During long-term thermal annealing, the Al3Sc precipitates in the Al-15 vol.%B4C 
composite with 0.4 wt.%Sc (S40) remain coarsening-resistant at 250 °C, whereas the 
Al3(Sc, Zr) precipitates in the Al-15 vol.%B4C composite with 0.4 wt.%Sc plus 0.24 
wt.%Zr (SZ40) are thermally stable at 300 °C. At higher annealing temperatures 
300 °C for S40 and 350 °C for SZ40, both Al3Sc and Al3(Sc, Zr) precipitates coarsen 
with increasing annealing time. The yield strengths of S40 and SZ40 at ambient 
temperature decrease with increasing precipitate size, which can be explained by the 
classical precipitate shearing and Orowan bypass mechanisms. 
3. The yield strengths of S40 at 250 °C and 300 °C slightly increase in the first 500 h of 
annealing and subsequently remain constant till 2000 hours, whereas the yield 
strengths of the SZ40 at 300 °C and 350 °C are always stable up to 2000 hours. At 
elevated temperatures, the yield strengths of S40 and SZ40 become approximately 
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independent of precipitate coarsening, which can be described and predicted by the 
dislocation climb mechanism. 
4. The dislocation climb mechanism is invoked to explain the yield strength at elevated 
temperatures (> 0.5Tm). The dislocation climb and Orowan bypass mechanisms are 
proposed as the governing strengthening mechanisms for high-temperature mechanical 
properties. The combination of dislocation climb and Orowan models can explain the 
lower strengthening efficiency of coherent precipitates and the stable strength with 
coarse precipitates at high temperature compared to those at ambient temperature. The 
predicted yield strengths at elevated temperatures are consistent with the experimental 
data of S40 and SZ40 composites. 
4.6 References 
[1] Chen X-G. Application of Al-B4C Metal Matrix Composites in the Nuclear Industry 
for Neutron Absorber Materials. In: Nikhil Gupta WHH, editor. Solidification Processing 
of Metal Matrix Composites: Rohatgi Honorary Symposium. USA: TMS, November 2006. 
p.343. 
 151 
[2] Bonnet G, Rohr V, Chen X-G, Bernier J-L, Chiocca R, Issard H. Use of Alcan's 
Al-B4C metal matrix composites as neutron absorber material in TN International's 
transportation and storage casks. Packaging, Transport, Storage & Security of Radioactive 
Material 2009;20:98. 
[3] Deng JX, Sun JL. Microstructure and mechanical properties of hot-pressed 
B4C/TiC/Mo ceramic composites. Ceramics International 2009;35:771. 
[4] Kaufman JG. Properties of aluminum alloys: tensile, creep, and fatigue data at high and 
low temperatures. USA, 1999. 
[5] Hyland RW. Homogeneous nucleation kinetics of Al3Sc in a dilute Al-Sc alloy. 
Metallurgical Transactions A 1992;23:1947. 
[6] Royset J, Ryum N. Scandium in aluminium alloys. International Materials Reviews 
2005;50:19. 
[7] Lai J, Zhang Z, Chen XG. The thermal stability of mechanical properties of Al-B4C 
composites alloyed with Sc and Zr at elevated temperatures. Materials Science and 
Engineering a-Structural Materials Properties Microstructure and Processing 2012;532:462. 
[8] Fuller CB, Seldman DN. Temporal evolution of the nanostructure of Al(Sc,Zr) alloys: 
Part II-coarsening of Al3(Sc1-xZrx) precipitates. Acta Materialia 2005;53:5415. 
[9] Elagin VIZ, V V; Pavlenko, S G; Rostova, T D Influence of Zirconium Additions on 
Aging of Aluminum--Scandium Alloys. (Translation) Physics of Metals and Metallography 
1985;60:88. 
[10] Fuller CB, Seidman DN, Dunand DC. Mechanical properties of Al(Sc,Zr) alloys at 
ambient and elevated temperatures. Acta Materialia 2003;51:4803. 
[11] Riddle YW, Sanders TH. A study of coarsening, recrystallization, and morphology of 
microstructure in Al-Sc-(Zr)-(Mg) alloys. METALLURGICAL AND MATERIALS 
TRANSACTIONS A 2004;35A:341. 
[12] Belov NA, Alabin AN, Eskin DG, Istomin-Kastrovskii VV. Optimization of hardening 
of Al-Zr-Sc cast alloys. Journal of Materials Science 2006;41:5890. 
 152 
[13] Clouet E, Barbu A, Lae L, Martin G. Precipitation kinetics of Al3 Zr and Al3 Sc in 
aluminum alloys modeled with cluster dynamics. Acta Materialia 2005;53:2313. 
[14] Tolley A, Radmilovic V, Dahmen U. Segregation in Al3 (Sc,Zr) precipitates in 
Al-Sc-Zr alloys. Scripta Materialia 2005;52:621. 
[15] Forbord B, Lefebvre W, Danoix F, Hallem H, Marthinsen K. Three dimensional atom 
probe investigation on the formation of Al3 (Sc,Zr)-dispersoids in aluminium alloys. Scripta 
Materialia 2004;51:333. 
[16] Harada Y, Dunand DC. Microstructure of Al(3)Sc with ternary transition-metal 
additions. Materials Science and Engineering a-Structural Materials Properties 
Microstructure and Processing 2002;329:686. 
[17] Knipling KE, Dunand DC, Seidman DN. Criteria for developing castable, 
creep-resisitant aluminum-based alloys-A review. Zeitschrift Fur Metallkunde 
2006;97:246. 
[18] Chen XG, St-Georges L, Roux M. Mechanical Behavior of High Boron Content 
Al-B4C Metal Matrix Composites at Elevated Temperatures. Materials Science Forum, vol. 
706: Trans Tech Publ, 2012. p.631. 
[19] Lai J, Zhang Z, Chen X. Effect of Sc and Zr alloying on microstructure and 
precipitation evolution of as cast Al-B4C metal matrix composites. Materials Science and 
Technology 2012;28:1276. 
[20] Chawla N, Shen YL. Mechanical behavior of particle reinforced metal matrix 
composites. Advanced Engineering Materials 2001;3:357. 
[21] Lai J, Zhang Z, Chen XG. Precipitation strengthening of Al–B4C metal matrix 
composites alloyed with Sc and Zr. Journal of Alloys and Compounds 2013;552:227. 
[22] Zhang Z, Fortin K, Charette A, Chen XG. Effect of titanium on microstructure and 
fluidity of Al-B4C composites. Journal of Materials Science 2011;46:3176. 
[23] Lai J, Zhang Z, Chen XG. Effect of Sc, Zr, and Ti on the interfacial reactions of the 
B4C/Al system. Journal of Materials Science 2011;46:451. 
[24] Kelly PM. Quantitative electron microscopy. Metals Forum 1982;5:13~23. 
 153 
[25] Lifshitz IM, Slyozov VV. THE KINETICS OF PRECIPITATION FROM 
SUPERSATURATED SOLID SOLUTIONS. Journal of Physics and Chemistry of Solids 
1961;19:35. 
[26] Wagner C. THEORIE DER ALTERUNG VON NIEDERSCHLAGEN DURCH 
UMLOSEN (OSTWALD-REIFUNG). Zeitschrift Fur Elektrochemie 1961;65:581. 
[27] Ardell AJ. Precipitation hardening. Metallurgical Transactions A 1985;16:2131. 
[28] Harada Y, Dunand DC. Thermal expansion of Al3Sc and Al-3(Sc0.75X0.25). Scripta 
Materialia 2003;48:219. 
[29]Touloukian Y. Thermophysical Properties of High Temperature Solid Materials: Vol. 1: 
Elements: Macmillan, 1967. 
[30] Marquis EA, Seidman DN, Dunand DC. Precipitation strengthening at ambient and 
elevated temperatures of heat-treatable Al(Sc) alloys. Acta Materialia 2002;50:4021. 
[31] Rosler J. Particle strengthened alloys for high temperature applications: strengthening 
mechanisms and fundamentals of design. International Journal of Materials and Product 
Technology 2003;18:70. 
[32] Nembach E. Particle strengthening of metals and alloys: Wiley-VCH; 1 edition 
December 6, 1996. 
[33] Marquis EA, Seidman DN, Dunand DC. Effect of Mg addition on the creep and yield 
behavior of an Al-Sc alloy. Acta Materialia 2003;51:4751. 
[34] Karnesky RA, Meng L, Dunand DC. Strengthening mechanisms in aluminum 
containing coherent Al3Sc precipitates and incoherent Al2O3 dispersoids. Acta Materialia 
2007;55:1299. 
[35] Marquis EA, Dunand DC. Model for creep threshold stress in 
precipitation-strengthened alloys with coherent particles. Scripta Materialia 2002;47:503. 
[36] Cahn R, Haasen P. Physical Metallurgy Vol. III. vol. III: Elsevier Science BV, 
Amsterdam, The Netherlands, 1996. p.1883. 
 154 
[37] Miura Y NM, Furuta A. In: Hosoi Y YH, Oikawa H, Maruyama K, editors., editor. 7th 
JIM Int. Symp. on Aspects of High Temperature Deformation and Fracture in Crystalline 
Materials. Nagoya: The Japan Institute of Metals. p.25. 
[38] Krug ME, Dunand DC. Modeling the creep threshold stress due to climb of a 
dislocation in the stress field of a misfitting precipitate. Acta Materialia 2011;59:5125. 
[39] Dundurs J. Elastic interaction of dislocations with inhomogeneities. Mathematical 
theory of dislocations 1969:70. 
[40] Meyers MA, Chawla KK. Mechanical metallurgy: principles and applications: 
Prentice-Hall, 1984. 
[41] Jansson B, Melander A. On the critical resolved shear stress from misfitting particles. 
Scripta Metallurgica 1978;12:497. 
[42] Dieter GE, Bacon D. Mechanical metallurgy. London: McGraw-Hill, 1988. 
[43] Fu C. Electronic, elastic, and fracture properties of trialuminide alloys: Al3Sc and 
Al3Ti. Journal of Materials Research 1990;5:971. 
[44] Fukunaga K, Shouji T, Miura Y. Temperature dependence of dislocation structure of 
L12–Al3Sc. Materials Science and Engineering: A 1997;239–240:202. 
[45] George EP, Pope DP, Fu CL, Schneibel JH. Deformation and Fracture of 
L1$_2$ Trialuminides. ISIJ International 1991;31:1063. 
[46] Hyland Jr R, Stiffler R. Determination of the elastic constants of polycrystalline Al< 
sub> 3</sub> Sc. Scripta metallurgica et materialia 1991;25:473. 
[47] Frost HJ, M. F. Ashby Deformation-mechanism maps: the plasticity and creep of 
metals and ceramics. New York: Pergamon Press, 1982. 
[48] Drits ME, Toropova LS, Bykov YG, Gushchina FL, Elagin VI, Filatov YA. Metastable 
State Diagram of the Al-Sc System in the Range Rich in Aluminum. Russian Metallurgy 
1984:83. 
[49] Tabor D. The hardness and strength of metals. Journal of the Institute of Metals 
1951;79:1. 
 155 
[50] Iwamura S, Miura Y. Loss in coherency and coarsening behavior of Al 3 Sc 
precipitates. Acta Materialia 2004;52:591. 
[51] Tiryakioğlu M, Ökten G, Hudak D. Statistics for estimating the population average of a 
Lifshitz–Slyozov–Wagner (LSW) distribution. Journal of Materials Science 2009;44:5754. 
 
 156 
CHAPTER 5 
MECHANICAL PROPERITES AND THEIR 
THERMAL STABILITY OF HOT-ROLLED Al‒
15%B4C COMPOSITE SHEETS CONTAINING SC 
AND ZR AT ELEVATED TEMPERATURE 
 
157 
Chapter 5 
Mechanical properties and their thermal stability of 
hot-rolled Al‒15%B4C composite sheets containing Sc 
and Zr at elevated temperature 
 
5.1  Introduction 
Aluminum-based metal matrix composites (MMCs) have been widely used in 
automotive, aerospace and military industries as either structural or functional materials 
because of their light weight, high specific modulus, low coefficient of thermal expansion 
and other special properties [1]. As a neutron absorption material, Al‒B4C composites are 
applied to fabricate the transport and storage containers of spent nuclear fuels because of 
the special capacity for capturing neutrons [2, 3]. In service, Al‒B4C composites absorb the 
neutrons and generate heat and hence it can expose to elevated temperatures (250-350 °C) 
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for an extended period [4, 5]. It demands that the material can maintain its mechanical 
properties and thermally stability at such temperatures. Sc was introduced to aluminum 
alloys to enhance the mechanical properties by forming fine coherent Al3Sc precipitates 
with a low coarsening rate (stable up to 300 °C) [6]. The addition of Zr can further reduce 
the coarsening rate of the precipitates [7, 8], improve the thermal stability of precipitates 
(stable up to 350 °C) [7] and increase the strength and recrystallization resistance [9-11]. 
Therefore, the Al‒Sc and Al‒Sc‒Zr matrix are promising candidates to develop advanced 
Al‒B4C composites that are applicable at elevated temperatures. 
In recent years, several researchers put great efforts into understanding the 
strengthening behavior and creep properties of Al‒Sc and Al‒Sc‒Zr cast alloys [11-13]. 
The mechanical properties at room and elevated temperatures of Al‒B4C cast composites 
that contain Sc and Zr were investigated in our previous works [14-16]. Al3Sc and Al3(ScZr) 
precipitates could strengthen Al‒B4C cast composites and were thermally stable up to 
300ºC. To manufacture useful engineering final products, Al‒B4C cast composites need to 
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undergo the hot-working processes such as rolling, extrusion and forging. It was reported 
that Al3Sc precipitation hardening in deformed materials was difficult because of severe 
limits on the solution treatment, hot deformation and post heat treatment [17]. In our 
previous work [18], we found that the strengthening solute atoms (Sc) in an Al‒B4C 
composite would be consumed during the post-rolling solution heat treatment, and the 
consumption of Sc increased with the increase in deformation ratio. In general, the public 
information about the hot deformation process, post-deformation heat treatment, and 
microstructure evolution for Al‒Sc and Al‒Sc‒Zr alloys is notably scarce. Furthermore, 
notably few papers address the mechanical properties at elevated temperature of final 
deformed Al‒Sc alloys and deformed Al‒B4C composites that contain Sc and Zr.   
The damage and failure modes of composite materials are important aspects for an 
engineering product. The failure mechanism of particulate-reinforced MMCs can be 
classified into three types: reinforcement fracture when the matrix is stronger than the 
reinforcement [19, 20]; interfacial decohesion when the bonding force is lower than the 
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matrix and reinforcement [21, 22]; ductile failure because of the void coalescence of the 
matrix [23, 24]. However, the fracture behavior at elevated temperature for Al‒B4C 
composites is little known. 
In the present work, the mechanical properties as a function of temperature and the 
evolution of mechanical properties during long-term annealing at 300 °C for two hot-rolled 
Al‒15 vol.% B4C composite sheets containing Sc and Zr were investigated. The effect of 
the post-rolling heat treatment on the Al3Sc and Al3(Sc,Zr) precipitation hardening was 
studied. The evolution of Al3Sc and Al3(ScZr) precipitates in rolled sheets during long-term 
annealing was observed. In addition, the effect of the testing temperatures on the fracture 
behavior of two hot-rolled Al‒B4C composite sheets was studied.  
5.2  Experimental procedure 
 In the present work, two experimental Al 1100‒15 vol. % B4C composites were 
prepared in an electric resistance furnace to obtain the desirable chemical composition: S40 
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with 0.4 wt.% Sc and SZ40 with 0.4 wt.% Sc plus 0.24 wt.% Zr. The average size of the 
B4C particles was 23 µm. Their nominal chemical compositions are listed in Table 3.1. 
Under mechanical stirring using an impeller, the composite melt was held at 740 °C for 30 
min. and subsequently poured into a rectangular permanent steel mold that measured 
30×40×80 mm. The cast ingots of two composites were homogenized at 640 °C for 24 
hours (S40) and 96 hours (SZ40), respectively, and quenched in water at room temperature. 
Then, the cast ingots were hot-rolled on a laboratory scale rolling mill (STANAT CX-100) 
with multi-passes in a temperature range of 400 to 500 °C. The rolling began from the 30 
mm thick original ingot and ended at the 4 mm sheets with a total reduction ratio of 87%. 
After hot rolling, the composite sheets were solution-treated at 640 °C for different time 
lengths, quenched with water at room temperature, and aged at 300 °C for 24 hours. To 
assess the long-term thermal stability of the mechanical properties, the heat-treated sheets 
were annealed at 300 °C for up to 2000 hours. 
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The tensile properties were measured with an Instron machine according to the ASTM 
E8M-04 standard for room temperature and ASTM E21 standard for elevated temperature. 
The ultimate tensile strength (UTS), 0.2% yield strength (YS) and elongation at fracture 
(EL) were averaged over three tests for each condition. The tensile samples with an overall 
length of 100 mm and the gage gauge length of 25 mm and width of 6 mm were machined 
from the rolled sheets based on ASTM E8M-04 standard.  
 The microstructure of the composites was observed using an optical and scanning 
electronic microscope (SEM, JSM-6480LV), which was equipped with an electron 
backscatter diffraction system (EBSD) and an energy dispersive spectrometer (EDS). The 
fracture surfaces of the tensile samples were examined using SEM. A transmission electron 
microscope (TEM, JEM-2100) that operated at 200 kV was used to observe the precipitates 
Al3Sc and Al3(Sc Zr). Centered dark-field images of the precipitates were recorded using 
the {100} super-lattice reflections near the <011> direction. Two-beam diffraction 
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conditions were applied for the precipitate observation. The precipitate equivalent 
diameters were determined using image analysis on the TEM images.   
5.3  Results and discussion 
5.3.1 Microstructure of as-cast and as-rolled composites 
 The as-cast microstructure of the composites in an example S40 is shown in Fig. 5.1. 
B4C particles were generally uniformly distributed in the aluminum matrix, and some small 
interfacial reaction particles [25] were also visible, attached or surrounded on the B4C 
particles (Fig. 5.1a). After etching, the aluminum matrix of composites evidently consisted 
of coarse and equiaxed grains with an average size of 100 to 130 µm.  
 During the multi-pass hot rolling, the composite materials experienced repeated work 
hardening, dynamic recovery and dynamic recrystallization. The EBSD mapping images 
(Fig. 5.2) show the as-rolled grain structures at the 87% deformation ratio (4 mm sheets). 
The grains were arranged along the rolling direction, and the grain sizes were much smaller 
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than the as-cast grains. In addition, a large amount of sub-grains and dislocation bands with 
a misorientation less than 15° were created in both S40 and SZ40 samples. 
  
Fig. 5. 1. Optical microstructure of the as-cast S40 composite (a) with arrows pointing 
to the small interfacial reaction particles that surrounded the B4C particles, 
and the etched sample shows equiaxed grains of the Al matrix (b). 
  
Fig. 5. 2.  EBSD mapping shows the grains and subgrain structures in the 4 mm 
as-rolled S40 sheet (a) and SZ40 sheet (b). The black regions are B4C 
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particles. The other colors indicate the grains or subgrains with 
misorientations: thin white lines: 1~5°; white lines: 5~15°; black lines: >15°. 
5.3.2 Post-rolling heat treatment 
After hot rolling, the as-rolled sheets were notably soft. To gain the appropriate 
mechanical properties as useful engineering materials, the as-rolled materials experienced a 
post-rolling heat treatment, which involved both solution and aging for precipitation 
hardening. To find the optimal heat treatment, the solution treatment was performed at 640 
ºC with different holding time lengths and a subsequent fixed aging treatment at 300 ºC for 
24 hours, which was identified as the peak aging condition for Al-Sc-B4C and 
Al-Sc-Zr-B4C composites [14]. The Vickers’ hardness of the aluminum matrix of both 
composite sheets as a function of the solution time is shown in Fig. 5.3. The hardness 
values of the S40 and SZ40 composites in the as-rolled condition were 39 and 42 HV, 
respectively, which showed a low strength of the materials after hot rolling. After only one 
hour of solution treatment, the hardness increased to 62 HV for S40 and 70 HV for SZ40. 
These peak values were maintained for approximately three and six hours for S40 and 
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SZ40, respectively. After the peak aging plateau, the hardness gradually decreased with 
increasing solution time.  
 During the multi-pass hot rolling, the homogenized composite ingots experienced a 
repeated thermomechanical annealing process at 400-500 °C. The solutes of Sc and Zr 
precipitated from the supersaturated aluminum matrix in the forms of Al3Sc or Al3(Sc Zr) 
precipitates. However, because of the high precipitation temperature, those precipitates 
were notably coarse: their diameters were tens to hundred nanometers (Fig. 5.4a). In 
addition, many of them were on the grain or sub-grain boundaries, which resulted in the 
loss of most of their hardening effect. The results in Fig. 5.3 suggest that the solution 
treatment of rolled composite sheets in a relatively short time (~ one hour) can dissolve 
these coarse precipitates back to the aluminum matrix, which ensures the re-precipitation of 
much fine precipitates during subsequent aging and regains the strength of the rolled 
composite sheets. Fig. 5.5 shows the precipitates in S40 and SZ40 that were 
solution-treated at 640 ºC for three hours and aged at 300 ºC for 24 hours. The fine 
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nanoscale precipitates uniformly distributed in the aluminum matrix. The average diameters 
of the precipitates were 2.8 nm (Al3Sc in S40, Fig. 5.5a) and 3 nm (Al3(Sc,Zr) in SZ40, Fig. 
5.5b), which resulted in a much higher strength after the post-rolling treatment than that in 
the as-rolled condition (Fig. 5.3). 
After the post-rolling heat treatment, the sub-grain structure that formed during rolling 
(Fig. 5.2) was completely eliminated, and all grains were fully recrystallized (Fig. not 
showing here). Because of the high solution temperature, the grain structure became 
notably coarse, and the average grain sizes of S40 and SZ40 were 94 and 42 µm, 
respectively.  
 
168 
Fig. 5. 3. Vickers’ hardness of both composite sheets as a function of the solution time 
(solution at 640 ºC and aging at 300 ºC/24 h). 
  
Fig. 5. 4. Dark-field TEM images of the coarse precipitates in SZ40 (a) and STEM 
image of many coarse precipitates on the grain and subgrain boundaries (b). 
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Fig. 5. 5. Fine precipitates in the aluminum matrix of S40 (a) and SZ40 (b) after the 
peak aging of the rolled sheets (solution-treated at 640 °C/3 h and aged at 
300 ºC/24 h). 
5.3.3 Mechanical properties and their thermal stability 
5.3.3.1  Tensile properties at different temperatures 
 The tensile properties of the rolled S40 and SZ40 composite sheets after peak aging 
were tested at 25 °C, 250 °C and 300 °C. Fig. 5.6 shows the ultimate tensile strength (UTS), 
0.2% offset yield strength (YS) and elongation (EL) of both composite sheets at different 
test temperatures. 
 In general, the UTS and YS of both materials decrease, and the EL increases with 
increasing test temperatures. For example, the UTS and YS of S40 were 197 MPa and 152 
MPa at ambient temperature but became 65 MPa and 55 MPa at 300 ºC, respectively. The 
EL of S40 was approximately 9% at ambient temperature and increased to 30% at 300 ºC. 
The strength of S40 at 300 ºC was approximately 35% of the strength at ambient 
temperature whereas the elongation at 300 ºC was approximately 3.3 times of that at 
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ambient temperature. For the SZ40 composite, the UTS and YS at ambient temperature 
were 210 MPa and 166 MPa, respectively, which were slightly higher than that of S40 at 
ambient temperature. However, at elevated temperatures (250−300 ºC), the tensile strengths 
of both composites became close, and the values remained almost constant. 
 
 
Fig. 5. 6. Tensile properties of the S40 and SZ40 sheets after peak aging as a function 
of temperature: UTS (a), YS (b) and El (c). 
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5.3.3.2  Evolution of tensile properties during long-term annealing 
 After the peak aging, the S40 and SZ40 composites were annealed at 300 °C for up to 
2000 hours to assess the long-term thermal stability of the materials. Fig. 5.7 shows the 
mechanical properties of the S40 and SZ40 samples as a function of the annealing time, 
which were tested at both ambient temperature and 300 °C. The strengths (UTS and YS) at 
the ambient temperature slowly decreased with increasing annealing time. The UTS of S40 
slightly decreased from 197 MPa to 190 MPa, whereas the YS slightly decreased from 152 
MPa to 148 MPa after 2000 h of annealing (Figs. 5.7a and 5.7c). SZ40 generally has higher 
strengths than S40 (~15 MPa above) but the strengths exhibit the identical decreasing 
tendency as S40 during 2000 h of annealing. The EL of both composites did not 
significantly change during the entire annealing process (Fig. 5.7e).  
 At 300 ºC, the UTS and YS and their evolution during annealing for both composites are 
almost identical (Figs. 5.7b and 5.7d). The UTS only slightly decreased from 70 to 65 MPa 
in the first 500 h of annealing and subsequently stabilized in the remaining annealing 
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period. The YS was approximately 55 MPa and remained unchanged during the entire 
annealing process. The elongation of both composites moderately decreased in the first 500 
h of annealing and stabilized at approximately ~26% (Fig. 5.7f). The independence of the 
UTS and YS from the annealing time at 300 ºC for up to 2000 h indicates the excellent 
long-term thermal stability of both S40 and SZ40 composite sheets at elevated temperature.    
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Fig. 5. 7. Evolution of the mechanical properties of both S40 and SZ40 composite 
sheets during long-term annealing at 300 °C: (a) UTS, (c) YS and (e) EL at 
25 °C;  (b) UTS, (d) YS and (f) EL at 300 °C. 
 It is well-known that the AA1100 matrix is a non-heat-treatable material, the strength of 
which is mainly gained by strain hardening during deformation. After annealing, the 
AA1100−O matrix is notably soft, and the YS is only 38 MPa at ambient temperature [26], 
which cannot provide much support to strengthen the Al−B4C composites. After the 
alloying with Sc and Zr and the peak aging, the strengths of S40 and SZ40 largely increase 
because of the precipitation strengthening of nanoscale Al3Sc and Al3(Sc Zr) precipitates. 
The YS at ambient temperature can reach 150 MPa and 165 MPa for S40 and SZ40, 
respectively. Fig. 5.8 shows the TEM images of the precipitates after 2000 h of annealing at 
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300 °C. During long-term annealing, a slow coarsening process occurred for both Al3Sc 
and Al3(Sc Zr) precipitates. Compared to Fig. 5.5, the average size of Al3Sc in S40 
increased from 2.8 nm to 14 nm (in the diameter), whereas the size of Al3(Sc Zr) in SZ40 
increased from 3 nm to 4.6 nm (in diameter) after 2000 h of annealing. The slow decrease 
in strengths (UTS and YS) at ambient temperature during long-term annealing is mainly 
because of the precipitate coarsening. In general, the classical precipitate shearing and 
Orowan dislocation bypassing mechanisms can explain the ambient temperature strength in 
precipitate-strengthening materials [12, 13, 16]. In the case of coarsening during annealing, 
the precipitates become too large for shearing, and Orowan dislocation bypassing begins to 
be active. Therefore, the strength decreases with increasing precipitate size under the 
Orowan dislocation bypassing mechanism.  
 In certain applications, the mechanical properties and thermal stability of Al‒B4C 
composites at elevated temperature are highly important [14, 16], which is the main reason 
for alloying with Sc and Zr. It was reported that, in the absence of precipitate strengthening, 
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the YS at 300 °C was only approximately 14 MPa  for the AA1100 matrix [26] and 23 
MPa for an AA1100−25% B4C composite [27], which could not serve as a useful structural 
material at elevated temperature. In the present study, the YS at 300 °C of both S40 and 
SZ40 rolled sheets approaches 55 MPa. This improvement is significant for 
elevated-temperature applications. More importantly, the strength at 300 °C of both S40 
and SZ40 sheets are notably stable for at least 2000 h. It brings a highly interesting property 
for structural applications, which may experience an extended period of exposure to high 
service temperatures (250−350 °C). In contrast to the strengths at ambient temperature, the 
strengths (both UTS and YS) at 300 °C are less sensitive to the annealing time and more 
tolerable for precipitate coarsening. In our recent study [15], a dislocation climb mechanism 
was proposed to explain the precipitate strengthening at elevated temperatures (> 0.5 Tm), 
where the elevated temperature strength was much less sensitive to coarse precipitates in a 
certain range of precipitate sizes. Detailed discussions of precipitate strengthening 
mechanisms of this composites at elevated temperature can be found in [15].  The 
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experiment results in the present study are consistent with the predication of the dislocation 
climb mechanism.  
 It is worthwhile to mention that the Al3Sc precipitates in S40 have a higher coarsening 
rate than the Al3(Sc,Zr) precipitates in SZ40 (Fig. 5.5 vs. Fig. 5.8). Results demonstrated 
that, within 2000 h of annealing, the coarsening of Al3Sc precipitates in S40 did not affect 
the tensile strength at 300 °C yet. However, with further prolonged annealing, the 
coarsening of Al3Sc certainly continues, and up to some point, the strength of S40 is 
expected to decrease because of the weaker strengthening effect of coarsened precipitates. 
However, it is anticipated that the strength of SZ40 at 300 °C is more stable for the 
annealing much beyond 2000 h because of the low coarsening rate of Al3(Sc,Zr) 
precipitates. Thus, the SZ40 composite is more suitable for applications with exposure to 
high service temperatures for extended periods of time.                      
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Fig. 5. 8.  TEM dark-field images of the coarsened precipitates after 2000 h of 
annealing in S40 (a) and SZ40 (b). 
5.3.4 Fractography 
The fracture surfaces of the tensile samples, which were tested at 25, 250 and 300 ºC, 
were examined by SEM to study the fracture mechanisms during the tensile deformation. 
Fig. 5.9 shows the typical SEM micrographs of the fracture surfaces of the tested S40 
sample at 25 °C. Many ductile dimples in the aluminum matrix and brittle fracture in B4C 
particles evidently appeared on the fracture surface (Fig. 5.9a). The deep dimples in the 
matrix indicate that plastic deformation occurred before the final failure [28, 29]. The B4C 
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particle fractures had a cleavage and facet plane (Fig. 5.9b). In a cross section of the 
fracture surface, a large crack throughout the B4C particle was clearly observed (Fig. 5.9c). 
When the test temperature increased to 250 °C, two types of dimples were observed in the 
fracture (Fig. 5.10): the small and ductile dimples in the matrix, which were several 
micrometers in size, and the larger dimples that were tens of micrometers in size, which 
was similar to the B4C particle size. Small particles appeared at the bottom of the large 
dimples (Fig. 5.10b). Ti and Sc were detected in the small particles (Fig. 5.10c), which 
indicated that the large dimples were the interface layers between B4C particles and the 
aluminum matrix, where the B4C particles were debonded during the tensile deformation. 
The interfacial decohesion of B4C particles was observed in most parts of the fracture 
surface. However, few B4C particle fractures were found in the fracture surface (arrow in 
Fig. 5.10a), but the amount of broken B4C particles was less than 10% of B4C particles. 
When tested at a higher temperature (300 °C), the fracture surface was only dominated by 
the interfacial decohesion of B4C particles and ductile dimples in the matrix (Fig. 5.11). In 
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the cross section of the fracture surface, the interfacial decohesion of B4C particle was more 
evident (Fig. 5.11c); no more fracture of B4C particles was found.  
 The fracture observation of the tested SZ40 samples at different temperatures indicates a 
similar tendency to that of the S40 samples: the brittle particle fracture and ductile matrix 
fracture at ambient temperature and the interfacial decohesion and ductile matrix rupture at 
300 ºC. Moreover, for both S40 and SZ40 samples after long-term annealing 
(300ºC/2000h), the observation of the fracture surface showed that the long-term annealing 
did not change the fracture behavior because the B4C ceramic particles and their interfaces 
with solid aluminum were notably stable at such temperature.    
 The fracture types of particulate-reinforced MMCs under tensile stress can be classified 
into three cases [30]: (1) particle fracture, which occurs when the matrix is strong and the 
local stress exceeds the fracture strength of the reinforcement particle; (2) interfacial 
decohesion, which is related to the characteristic that the local stress is lower than the 
particle fracture but higher than the interfacial strength; (3) matrix fracture because of the 
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void coalescence, when both interface and reinforcement are stronger than the matrix. 
During the tensile deformation of the Al‒B4C composites, the aluminum matrix begins to 
plastically deform, which is associated with dislocation pile-up near the particle/matrix 
interfaces. The increase in shear stress at the head of the pile-up can be transferred to the 
B4C particles through the interface. With the precipitation of nanoscale Al3Sc and 
Al3(Sc,Zr) precipitates, the UTS of the S40 and SZ40 samples at ambient temperature is 
notably strong and approximately 200 MPa. During the tensile deformation, the applied 
local stress appears to exceed the fracture strength of B4C particles. Cracks can nucleate on 
the particle surface under the action of the shear stress and easily propagate through the 
entire particles. After the failure of the B4C particles, the increase in stress on the matrix 
causes void growth and coalescence, and the composite sample is finally ruptured with the 
ductile dimple morphology in the matrix fracture surface. Therefore, the fracture at ambient 
temperature is dominated by the brittle B4C particle fracture. 
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 When tested at high temperature (250 °C), the tensile strength of the S40 and SZ40 
composites significantly decreased (Fig. 5.6), and the applied stress was not sufficient to 
fracture most particles but exceeded the interface strength. The interfacial decohesion with 
partial particle fracture became the dominant feature for the material failure at 250 ºC. With 
further increase in test temperature (300 °C), the UTS of the composites decreased again (to 
approximately 65 MPa). The applied local stress was much lower than the particle strength 
but remained higher than the interface strength. The main characteristic of the fracture 
became purely interfacial decohesion. The rupture of the composite at 300 ºC is mainly 
controlled by the interfacial separation between B4C particles and the matrix.    
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Fig. 5. 9.  SEM images of the tensile fracture surface of the tested S40 sample at 25°C: 
(a) general view; (b) enlarged fracture surface of a B4C particle; (c) 
cross-section of the fracture. 
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Fig. 5. 10.  SEM images of the tensile fracture surfaces of the tested S40 at 250 °C: (a) 
general view; (b) enlarged view of the interfacial decohesion, where the B4C 
particle was out of the matrix; (c) EDS spectrum of a small particle in the 
interfacial layer. 
  
 
Fig. 5. 11.  SEM images of the tensile fracture surfaces of tested S40 at 300 °C: (a) 
general view; (b) enlarged view of the interfacial decohesion, where the B4C 
particle was out of the matrix; (c) cross-section of the fracture. 
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5.4  Conclusions 
1. With the alloying of Sc and Zr, the hot-rolled Al‒15 vol.%B4C composite sheets can 
regain a significant precipitation hardening in an appropriate post-rolling heat 
treatment because of the precipitation of nanoscale Al3Sc and Al3(Sc,Zr), which 
uniformly distribute in the aluminum matrix. After the peak aging, the UTS at ambient 
temperature of the S40 (Al‒15 vol.%B4C-0.4 wt.%Sc) and SZ40 (Al‒15 vol.%B4C-0.4 
wt.%Sc-0.24 wt.%Zr) sheets can reach 197 MPa and 210 MPa, respectively. The 
tensile strength of both materials decreases with increasing test temperature. The 
UTSs at 300 ºC of S40 and SZ40 become close and remain at approximately 65 MPa.    
2. During 2000 h of annealing at 300 ºC, a slow coarsening process occurs for Al3Sc 
(S40) and Al3(Sc,Zr) (SZ40) precipitates. The strengths at ambient temperature of both 
S40 and SZ40 composite sheets slightly decrease with increasing annealing time. The 
UTS at ambient temperature of S40 changes from 197 to 190 MPa, whereas the UTS 
of SZ40 decreases from 210 to 191 MPa after 2000 h of annealing.      
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3. The UTS and YS at 300 ºC of both S40 and SZ40 composite sheets remain almost 
unchanged during 2000 h of annealing, and they are less sensitive to the annealing 
time and more tolerable for precipitate coarsening, which shows an excellent 
long-term thermal stability of both materials at elevated temperature.  
4. The tensile fracture mechanism of both S40 and SZ40 composite sheets is 
temperature-dependent. The fracture at ambient temperature is dominated by the 
brittle B4C particle fracture, whereas the interfacial decohesion of B4C particles 
becomes the prominent characteristic of the fracture at 300 ºC 
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CHAPTER 6 
Hot deformation and processing maps of Al‒15%B4C 
composites with Sc and Zr 
 
6.1  Introduction 
Aluminum-based metal matrix composites (MMCs) have gained popularity in 
industries due to their lightweight, high strength and specific modulus, low coefficient of 
thermal expansion and good wear resistance compared to aluminum alloys [1]. The 
development of Al‒B4C composites has recently attracted a great attention, which can serve 
as neutron absorber material in transportation and storage of spent nuclear fuels in the 
nuclear industry as boron carbide (B4C) has high cross-section for neutron absorption [2,3]. 
The introduction of Sc and Zr into Al‒B4C composites can increase the composite strength 
at elevated temperature by forming stable precipitates [4-6]. To manufacture a useful 
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engineering product, most Al-based metal matrix composites are subjected to hot forming 
processes such as rolling, extrusion and forging. The mechanical properties of those 
composites are affected by their chemical composition and resultant microstructure from 
thermomechanical processing.  
Several investigations found that dynamic precipitation (DPN) occurred during hot 
deformation in 2xxx, 6xxx and 7xxx series Al alloys [7-13]. The precipitation and 
subsequent coarsening can affect the flow curve and increase the flow stress level [14]. The 
precipitates formed during hot deformation were reported to restrain dynamic 
recrystallization (DRX) and increase the activation energy for hot deformation [7]. It was 
reported that Sc and Zr could increase recrystallization resistance by forming L12 structure 
precipitates [15-19]. The fine precipitates of Al3Sc could inhibit the migration of grain and 
sub-grain boundaries and the dislocation movement, thereby, restraining the 
recrystallization and resulting in a high work hardening stress [20-25]. On the other hand,  
the hot deformation behaviors of Al-based MMCs were also influenced by reinforcement 
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particles, thermal residual stress [29], flow localization [30] and deformation 
incompatibility between matrix and enforcement particles [31]. 
Constitutive equations are generally employed to predict the flow behavior of materials 
[32] and to calculate their activation energies [33]. The hot deformation activation energy Q 
is an important physical parameter that represents the difficulty level during hot 
deformation. The activation energy for hot deformation of pure Al was reported to be 144 
kJ/mol [34]. The activation energy for an Al‒5 wt.% B4C composite was found to be 200.1 
kJ/mol [35], which was higher than pure Al due to the presence of enforcement particles. In 
addition, the processing maps based on dynamic material model (DMM) have been widely 
employed to gain the optimum flow stability region and avoid the instability region [36]. Li 
et al. [37] studied the processing maps of a 6061 Al‒B4C composite in a wide range of 
temperatures and strain rates. Gangolu et al. [35] reported the hot workability of an Al-B4C 
composite and proposed the optimum processing conditions in the form of processing map.  
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The mechanical properties and microstructure evolution of Al‒B4C composites containing 
Sc and Zr have been studied in our previous works [38-43]. The present work focused on 
the thermomechanical processing aspect of Al‒B4C composites containing Sc and Zr. The 
hot deformation behavior of three Al‒B4C composites, namely the base composite 
(Al-15vol.%B4C), S40 (Al-15vol.%B4C-0.4wt.%Sc) and SZ40 
(Al-15vol.%B4C-0.4wt.%Sc-0.24wt.%Zr), was investigated by hot compression tests 
performed at various temperatures and strain rates. The constitutive equations and 
activation energies related to the peak flow stress, deformation temperature and strain rate 
were analyzed.. The processing maps of three Al‒B4C composites were established to 
optimize the hot working processing. The deformation mechanisms were determined for 
both the flow stability and instability regions based on the microstructure observation using 
optical and scanning electron microscopies.  
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6.2  Experimental procedure 
 Three Al-B4C composites, namely the base composite, S40 and SZ40, were investigated 
in the present study. Their nominal chemical compositions are listed in Table 3.1. In the 
composite preparation process, commercially pure aluminum (99.7 %) was first melted in a 
graphite-chamotte crucible in an electric resistance furnace. Master alloys Al-2 wt.% Sc, 
Al-15 wt.% Zr and Al-10 wt.% Ti were later added into the molten aluminum and the melt 
was held at 800 °C for 40 minutes to dissolve the master alloys. The prefabricated Al−25 
vol.%B4C with 2.0 wt.% Ti cast ingots, supplied by Rio Tinto Aluminum, was then put into 
the alloyed melt. The average size of the B4C particles (F360) was 23 µm. Under 
mechanical stirring using an impeller, the composite melts were held at 740 °C for 30 
minutes and then cast into a rectangular permanent steel mold. The dimensions of the cast 
ingots are 30×40×80 mm.  
The cast ingots of S40 and SZ40 composites were heat treated at 640°C for 24 hours 
and 96 hours, respectively, followed by direct water quenching. The base composite was 
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not heat-treated because of its non-heat-treatable 1100 matrix. The ingots were machined to 
cylindrical specimens, 10 mm in diameter and 15 mm in length, for compression tests. The 
compression tests were carried out using a Gleeble-3800 thermo-mechanical simulation 
unit at strain rates of 0.001, 0.01, 0.1 and 1 s-1 and deformation temperatures of 300, 350, 
400, 450 and 500 ºC, respectively. During the compression tests, all specimens were heated 
to the desirable deformation temperature at a heating rate of 10 °C/s and held for 3 minutes 
to ensure the uniform temperature in the specimen. The specimens were deformed to a total 
true strain of 0.8.  
 For microstructure characterization, the deformed samples were cut parallel to the 
compression direction along the centerline. The samples were metallographically prepared 
and then etched by 2% HF solution for 2 minutes for optical microstructure observation. 
Moreover, some deformed samples were analyzed using the electron back-scattered 
diffraction (EBSD) under a scanning electron microscope (SEM, JEOL JSM-6480LV) to 
understand the softening mechanisms of the composites in hot deformation process. 
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6.3  Results and Discussion 
6.3.1 Flow stress behaviors 
A series of typical true stress-strain curves of the base composite, S40 and SZ40 at 
various deformation temperatures and the strain rates are presented in Fig. 6.1. Under all 
the test conditions, the flow stress had a rapid increasing stage at the beginning of the 
deformation, which is due to the predominate effect of work hardening. In this stage, 
multiplied dislocations and reactions among dislocations, defects and particles result in a 
large increase of dislocation migration resistance with increasing the strain. With further 
increasing the strain, the increase rate of flow stress gradually decreased and the flow 
stresses either remained fairly constant or attain a maximum stress value before the flow 
stress decreased when the deformation were performed at 350, 400, 450 and 500 ºC. During 
this stage, dynamic softening processes become operative and both dynamic softening and 
work hardening contribute more and less equally to the flow stress. However, at the low 
compression temperature of 300 ºC, the flow stresses slowly but continuously increase after 
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the beginning stage (Fig. 6.1). In the present study, the peak stress is defined at the constant 
stress value for the case that the flow stresses remained constant after a rapid increasing 
stage. For other cases, the maximum flow stress values in the flow curves is considered as 
the peak stress in the following discussion. Generally, the flow stress and peak stress of 
three composites decreased with increasing deformation temperature and with decreasing 
strain rate. The same tendencies were observed in the previous research works on Al metal 
matrix composites [7,33,44-47].  
 With the increase of deformation temperature, the bonding between atoms in the 
composite matrix decreases and the load transfer from the matrix to ceramic particles 
becomes weak [48], which directly weakens the flow stress. In addition, the high 
deformation temperature promotes atom diffusion and accelerating dislocation and grain 
boundary migrations, which results in a weaker work hardening and a stronger of dynamic 
softening. On the other hand, a low strain rate is favor to the atom diffusion and dislocation 
migration, encouraging dynamic softening (DRX and DRV) [49]. Thus, on the effect of 
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both high temperature and low strain rate, a lower flow stress and an earlier arrival of the 
steady state are reflected in the flow stress curves. 
 
 
Fig. 6. 1.  Typical true stress–strain curves during hot deformation: (a) the base 
composite, (b) S40 and (c) SZ40 composites.  
Fig. 6.2 illustrates the evolution of the peak stresses of the three composites at various 
deformation temperatures as a function of strain rate. In general, the peak stresses of the 
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base material are obviously lower than that of S40 and SZ40 composites, while both peak 
stresses of S40 and SZ40 composites are close in all experimental conditions tested. For 
example, at 300 ºC with 0.001 s-1 strain rate, the peak stress of the base composite was 46 
MPa, but the peak stresses of S40 and SZ40 were 76 MPa and 78 MPa, respectively. When 
the strain rate increased to 1 s-1 at the same temperature (300 ºC), the peak stress of the 
base composite was 82 MPa, but it reached 119 MPa for S40 and 120 MPa for SZ40. The 
same tendency of the peak stress evolution is observed in all deformation temperatures 
tested (Fig. 6.2). The experimental data indicate that the addition of Sc and Zr can 
remarkably enhance the deformation resistance during hot deformation at the temperatures 
from 300 to 500ºC.  
At the low deformation temperature (300ºC), the peak stresses of S40 were slightly 
lower than that of SZ40, and the stress differences were around 1 to 6 MPa with various 
strain rates (Fig. 6.2a). However, at the high deformation temperature (500ºC), the peak 
stresses of S40 were moderately higher than those of SZ40 (Fig. 6.2e).  On the other hand, 
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when the deformation temperatures were at 350-450 ºC, the difference of the peak flow 
stresses between the two composites were almost negligible (Fig. 6.2b-d).  
After the solution treatment of S40 and SZ40 samples before hot deformation, most Sc 
and Zr were dissolved in the composite matrix. At the deformation temperature below 400 
ºC, there is no any precipitate (Al3Sc and Al3(Sc,Zr) found in deformation microstructure of 
S40 and SZ40, which means that Sc and Zr solute atoms act as the barriers of dislocation 
movement at low deformation temperatures. At high deformation temperatures (450-500 
ºC), Al3Sc and Al3(Sc, Zr) precipitates were observed in deformed microstructure of S40 
and SZ40 samples, indicating that dynamic precipitation occurred during preheating and 
hot deformation. Similar phenomenon was reported in other precipitation strengthening 
aluminum alloys [10,11]. This results in that the flow stresses of S40 and SZ40 are always 
higher than that of the base composite at all deformation conditions, because the addition of 
Sc and Zr hinder the dislocation migration either as solute atoms at low temperatures or as 
precipitates at high temperatures.      
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Fig. 6. 2.  The evolution of peak stress of Al−B4C composites at various temperatures 
as a function of strain rate: (a) 300 ºC, (b) 350 ºC, (c) 400 ºC, (d) 450 ºC and 
(e) 500 ºC. 
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6.3.2 Constitutive analyses 
The hyperbolic-sine equation is usually applied to describes the relationship between 
strain rate, flow stress and deformation temperature for a large range of strain rate and 
stress levels [32]. 
    Eq. 6. 1 
Where,  is the strain rate (s-1); σ is the flow stress (MPa); T is the absolute 
temperature (K); R is the universal gas constant (8.314 J·mol-1K-1); and Q is the activation 
energy for hot deformation (kJ•mol-1), which implies the levels of deformation resistance 
during plastic deformation. Where A, n and α are material constants.  
To obtain the materials constants and hot deformation activation energy, Eq. 6.2 is 
inducted by taking nature logarithm and differentiating Eq. 6.1:  
    Eq. 6. 2 
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The experimental data from the base composite, as an example, are shown in Fig. 6.3 
to demonstrate the derivation of materials constants and the calculation of activation energy 
for hot deformation. The peak stress σp is used here for σ, which represents the equilibrium 
condition between the work hardening and dynamic softening. Then α can be deduced by 
the division result of β and n1, which are the materials constants related to hot deformation 
[32]. The values of n1 and β for the composites can be obtained from the mean slopes of the 
lines in the ln  vs. lnσ (Fig. 6.3a) and ln  vs. σ (Fig. 6.3b), respectively. Here n is the 
mean slop of plots of ln  vs.  at different temperatures (Fig. 6.3c). S is the 
mean slopes of  vs. 1/T at various strain rates (Fig. 6.3d). Where the A can 
be obtained from the intercept of  vs. (Fig. 6.3e) [32].  
Based on the above description and Eqs. 6.1 and 6.2, the calculated material constants 
A, n, α and the activity energy Q of the three composites are presented in Table 6.1. It is 
known that when the n is greater than 5, it indicates a climb-controlled dislocation 
deformation [50]. The n of three composites ranges from 5.17 to 6.70, which implies that 
 !ε  !ε
 !ε  ln sinh ασ( )⎡⎣ ⎤⎦
 
ln sinh ασ( )⎡⎣ ⎤⎦
 
ln !ε exp Q RT( )⎡⎣ ⎤⎦  ln sinh ασ( )⎡⎣ ⎤⎦
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the dislocation climb is the operative mechanism for three experimental composites during 
hot deformation. It is in good agreement with the previous work [38]. 
The activation energy for hot deformation Q is an important physical parameter that 
represents the difficulty level in hot deformation. The activation energy of the base 
composites is calculated to be 186.4 kJ/mol (Table 6.1). With addition of Sc and Zr (0.4% 
Sc in S40 and 0.4% Sc plus 0.24%Zr in SZ40), the values of the activation energy increase 
to 196.1 kJ/mol for S40 and 206.6 kJ/mol for SZ40, respectively, indicating that Sc and Zr 
in Al-B4C composites considerably increase the hot deformation resistance. This is most 
likely associated with the high solute level and dynamic precipitation of Z40 and SZ40. It is 
well known that the activation energy for hot deformation of materials increases with 
increasing solute level [10,51]. Solute atoms can diffuse to dislocations act as pins to either 
restrict dislocation migration or drag a dislocation during slipping. On the other hand, the 
precipitates also increase the activation energy due to the precipitate strengthening effect 
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[10,11,52]. Compared to S40, SZ40 has more solute atoms and more change to dynamic 
precipitation, resulting a higher activation energy value than S40.  
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Fig. 6. 3. Relationships between flow stress and strain rate for the base composite, (a) 
ln  vs. lnσ, (b) ln  vs. σ, (c) ln  vs. , (d) T-1 vs.
 
 and (e)  vs. . 
Table 6. 1.  Values of the material constants and activation energy for the composites 
studied. 
Composites α (MPa-1) n A (s-1) Q (kjmol-1) 
Base 0.032 5.17 0.45×1013 186.4 
S40 0.017 6.70 1.30×1013 196.1 
SZ40 0.017 6.51 3.89×1013 206.6 
 
The effect of deformation temperature and strain rate on hot deformation behavior can 
be expressed by Zener-Holloman parameter, Z, as shown in Eq. 6.3 [53]. 
   Eq. 6. 3 
Then, the flow stress σ can be described as a function of Z parameter based on the 
definition of hyperbolic sine function:  
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     Eq. 6. 4 
Hence, the relationship between flow stress, strain rate, and deformation temperature of 
the three composites can be expressed in Eqs. 6.5 to 6.7 based on Eq. 6.4 and the materials 
constants listed in Table 6.1:    
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Using the established constitutive equations (Eqs. 6.5−6.7), the predicted peak flow 
stresses vs. the experimental data for three composites are plotted in Fig. 6.4. The predicted 
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peak stresses show a good agreement with the experimental peak stresses and the 
correlation coefficient is 99.6%, 97.3% and 98.3% for the base composite, S40 and SZ40, 
respectively, which indicate that the established constitutive equations (Eqs. 6.5−6.7) can 
give an accurate estimation of peak stress values for the three composites. 
 
 
Fig. 6. 4.  Predicted peak flow stress vs. experimental peak flow stress from the 
established constitutive equations: (a) the base composite, (b) S40 and (c) 
SZ40. 
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6.3.3 Processing maps 
The hot workability on plastic deformation can be characterized base on dynamic 
material model (DMM) [54]. In this model, the power dissipation is applied to describe the 
hot deformation behaviors of materials. The efficiency of power dissipation η presents the 
energy dissipated through the evolution of metallurgical mechanisms during the hot 
deformation, which is given by Eq. 6.8. 
𝜂 = !!!!!!      Eq. 6. 8 
Where m is strain rate sensitivity of the materials determined by Eq. 6.9, which is 
varied with temperature and strain rate for composites [55] 
     Eq. 6. 9 
In generally, the higher efficiency of power dissipation, the more power is considered to 
be dissipated by microstructure evolution, which implies a better hot workability. On the 
other hand, flow instability such as flow localization, shear bands, microcracks etc. could 
occur under certain deformation conditions during the deformation. Flow instability could 
be predicted according to the continuum instability criterion shown as Eq. 6.10 [56]: 
   Eq. 6. 10 
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Therefore, the deformation parameters have to select the ones where the ξ is larger than 
zero during the plastic deformation.  
To describe the relationship between hot workability and flow instability, the contour 
plots of the iso-efficiency of power dissipation η and the iso-flow instability ξ as a function 
of temperature and strain rates can be plotted together to construct the processing map. Fig. 
6.5 shows the processing maps developed for three composites at the true strain of 0.8. The 
values of the power dissipation efficiency η are shown as contour numbers, while the 
shaded area denotes the instability regions. A safe domain should have higher dissipation 
efficiency and avoid instability regions in the process map. The recommended safe domains 
based on power dissipation efficiency and flow instability are shown in Fig. 6.5 and the 
corresponded values are listed Table 6.2. For the base composite, the processing map 
exhibits three safe domains (Fig. 6.5a). Domain I with the power dissipation efficiency of 
0.27-0.30 is located at the temperatures of 475-500 °C and the strain rates of 0.1-1 s-1. 
Domain II with the power dissipation efficiency of 0.27-0.28 is on the region with lower 
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temperatures and lower strain rates (330-400 °C/0.007-0.001 s-1), while Domain III has the 
same power dissipation efficiency as Domain II but its working region is toward higher 
temperatures (420-470 °C). For S40, there are two safe domains (Fig. 6.5b): one with the 
power dissipation efficiency of 0.26-0.28 at the zone having higher temperatures (400-500 
ºC) and higher strain rates (0.11-1 s-1) and another one with the efficiency of 0.26 with 
lower temperatures (340-380 ºC) and lower strain rates (0.01-0.001 s-1). The two safe 
domains in SZ40 are similar to those in S40 (Fig. 6.5c). Compared three processing maps 
in Fig. 6.5, the domains I of S40 and SZ40 are situated at the similar zone as the domain I 
of the base composite, but they expand toward lower temperate with lower efficiency. The 
processing ranges of the domains II of S40 and SZ40 are also similar to the domain II of 
the base composite. However, the base composite possesses another additional safe domain 
(III) at the low strain rates, indicating a better hot workability than S40 and SZ40 
composites.   
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The flow instability region of the base composite covered from 300 to 350 °C at high 
strain rates of 0.04 to 1 s-1 (Fig. 6.5a). With the addition of Sc, the flow instability region of 
S40 expanded toward lower strain rate, which was situated from 300 to 350 °C at low strain 
rates of 0.002 to 1 s-1 (Fig. 6.5b). Moreover, with addition of Sc and Zr, the flow instability 
region of SZ40 even became larger than that of S40 and it extended up to the temperature 
of 380 °C (Fig. 6.5c). This indicates that the addition of Sr and Zr remarkably decreases the 
processing window of hot deformation. It is evident that the flow instability regions in all 
three composites present lower values of power dissipation efficiencies, compared with the 
adjacent stable regions. Therefore, the processing parameters should not be chosen in the 
instability region of those composites to obtain good hot workability and to prevent the 
occurrence of deformation defects. 
Table 6.2. Safe processing domains of three composites. 
Composites High strain rate domains (I)  Low strain rate domains (II & III) 
Base 475−500 °C 0.05−1 s-1 330−400 °C 0.007−0.001 s-1 
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420−470 °C 0.008−0.001 s-1 
S40 400−500 °C 0.11−1 s-1 340−380 °C 0.010−0.001 s-1 
SZ40 400−500 °C 0.11−1 s-1 327−390 °C 0.007−0.001 s-1 
 
 
 
Fig. 6. 5.  Processing maps of three composites developed at the true strain of 0.8: (a) 
the base composite, (b) S40 and (c) SZ40. 
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6.3.4 Microstructure evolution 
6.3.4.1 Deformed microstructures at various deformation conditions 
Fig. 6.6 shows the optical micro images of three composites deformed at 300ºC and 1 
s-1. The original as-cast equiaxed grains [32] were greatly elongated and severe deformation 
bands (the arrows in Fig. 6.6) were present. Those deformation bands did not distribute 
uniformly and more deformation bands concentrated near B4C particles, which indicated 
that B4C particles cause the local stress concentration. EBSD orientation maps were used to 
understand the dynamic softening mechanisms during hot deformation. The orientation 
maps of the base composite and SZ40, as examples, are shown in Fig. 6.7. A large amount 
of dislocation cells and subgrains with low-angle boundaries of 1-15º appeared in the base 
and SZ40 composites, which were typically recovered microstructure. There was a small 
amount of recrystallized grains with a small size of 1-3µm along the grain boundaries in the 
matrix of the base composite (Fig. 6.7a). In SZ40, the recrystallized grains were hardly 
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found in the matrix. In overall, the predominate softening mechanism is dynamic recovery 
for the three composites deformed at the low temperature of 300 ºC.  
  
 
Fig. 6. 6.  Optical microstructures deformed at 300 ºC and 1 s-1 with a true strain of 0.8: 
(a) base composite, (b) S40 and (c) SZ40 composites. 
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Fig. 6. 7.  EBSD orientation maps deformed at 300ºC and 1 s-1: (a) the base composite, 
(b) SZ40 composite Boundary misorientation as indicated: thin white lines: 
1~5°; thick white lines: 5~15°; black lines: >15°. 
When deformed at higher temperature (500ºC and 1 s-1), a number of recrystallized 
grains with a size range of 5-50 µm appeared in the base composite samples (arrows in Fig. 
6.8a), while only a few recrystallized grains with a small size of 1-3 µm presented in S40 
and SZ40 samples (Fig. 6.8b). EBSD orientation maps confirmed that the deformed 
microstructure in S40 and SZ40 primarily were recovered structure (Fig. 6.9), indicating 
that the addition of Sc and Zr impeded the recrystallization in the Al-B4C composites. In 
addition, when deformed at 500 ºC with a lower strain rate of 0.001 s-1, the microstructure 
of the base composite remained the recrystallized structure but the recrystallized grains had 
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larger size than those deformed at 500 ºC and 1 s-1. For S40 and SZ40, the deformed 
microstructure primarily remained as dynamically recovered structure but a small amount 
of fine recrystallized grains inhomogeneously distributed along the deformation bands 
under the deformation condition at 500 ºC with a lower strain rate 0.001 s-1. Therefore, it 
can be concluded that dynamic recrystallization (DRX) is the main softening mechanism 
for the base composite deformed at 500 ºC, while the predominant softening mechanism 
was dynamic recovery (DRV) for S40 and SZ40 at 500 ºC. 
  
Fig. 6. 8.  Optical microstructures deformed at 500 ºC and 1 s-1 with a true strain of 0.8: 
(a) the base composite and (b) SZ40 composite. 
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Fig. 6. 9.  EBSD orientation maps deformed at 500 ºC and 1 s-1 with a true strain of 0.8: 
(a) S40 and (b) SZ40 composites. 
6.3.4.2  Microstructure features in flow stability and instability domains 
The safe domains I in the processing maps of three composites (Fig. 6.5) were all 
located in the zone with high temperature (400-500 ºC) and high strain rate (0.1-1 s-1). The 
typical microstructures of the domains I were the same shown in Figs. 6.8 and 6.9. It is 
evident that in the domain I, DRX was the main softening mechanism for the base 
composite and DRV was the predominant softening mechanism for S40 and SZ40.  
The typical microstructures in the safe domains II of three composites are shown in Fig. 
6.10. Deformed at 350ºC and 0.001 s-1 (Fig. 6.10a), the microstructure of the base 
composite consisted of a large amount of dislocation cells and subgrains with low-angle 
boundaries of 1-15° and a few of recrystallized grains, which indicated that DRV mainly 
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controls the softening process. The microstructures of the base composite in the domain III 
is similar to that in the domain II, but the size of recrystallized grains in the domain III is 
slightly larger than that in domain II. The deformed microstructures of S40 and SZ40 in the 
domains II were primarily recovered structure. For example, the microstructure of SZ 40 
deformed at 350ºC and 0.001 s-1 exhibited mainly elongated grains with a number of cells 
and subgrains (Fig. 6.10b). Hence, the main softening mechanism in the safe domains II 
and III of the base material as we as the safe domains II of S40 and SZ40 composites was 
DRV. 
  
Fig. 6. 10.  Typical EBSD orientation maps in the safe domain II under the deformation 
condition at 350 ºC and 0.001 s-1: (a) the bas composite and (b) SZ40. 
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The flow instability region of the base composite was located at low temperature 
(300-350 ºC) with high strain rate of 0.04-1 s-1 and the instability regions of S40 and SZ40 
extended toward the higher temperature up to 380 ºC and the lower strain rate up to 0.002-1 
s-1 (Fig. 6.5). The deformation defects such as voids and cracks were observed in the flow 
instability zones of deformed samples. Fig. 6.11 shows some examples of deformed 
microstructures with the deformation condition at 300 ºC and 1 s-1 for the base composite 
and SZ40 (Fig. 6.11a and c) and at 300 ºC and 0.01 s-1 for S40 (Fig. 6.11b), located in the 
flow instability regions. Except for the deformation bands and elongated grains in the 
matrix, the deformation defects such as voids, cracks and flow localization were often 
observed around B4C particles (arrows in Figs. 6.11a, b and c). It is suggested that the 
defect formation is the major cause for the flow instability during hot deformation of 
Al-B4C composites. 
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Fig. 6. 11.  Microstructures of (a) the base composite deformed at 300 ºC and 1 s-1, (b) 
S40 deformed at 300 ºC and 0.01 s-1 and (c) SZ40 deformed at 300 ºC and 1 
s-1. 
6.4  Conclusions 
1. The flow stress increased with the increase of the strain rate and the decrease of 
the deformation temperature during hot deformation. The addition of Sc and Zr 
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in Al-15%B4C composites increased the flow stress, which was attributed to the 
synthetic effect of solute atoms and dynamic precipitation.  
2. With addition of Sc and Zr, the activation energy for hot deformation increases 
from 186.4 kJ/mol for the base composite (Al-15%B4C) to 196.1 kJ/mol for S40 
composite containing 0.4% Sc, and further to 206.6 kJ/mol for SZ40 composite 
containing 0.4% Sc and 0.24%Zr. 
3. The predominant softening mechanism was dynamic recovery for three 
composites at low deformation temperature (300 ºC). When increasing the 
deformation temperature to 500 ºC, dynamic recrystallization became the main 
softening mechanism for the base composite, while dynamic recovery still 
controlled the softening process for S40 and SZ40.  
4. Constitutive equations of three composites were established based on the 
hyperbolic-sine equation and the experimental compression data. The predicted 
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peak flow stresses on various deformation conditions were in good agreement 
with the experimental data for the three composites.      
5. The processing maps of three composites were constructed at the 0.8 strain 
based on the dynamic materials model. The safe domains with optimal 
deformation conditions were identified and the hot workabilities of three 
composites were compared.  
6. The flow instability zone of the base composite was located at low deformation 
temperatures (300-350 ºC) and high strain rates (0.04 to 1s-1). The addition of Sc 
and Zr extended the instability zones toward the higher temperature up to 380 ºC 
and the lower strain rate up to 0.002 s-1 for S40 and SZ40 composites. The 
defects generated during hot deformation, such as voids, cracking and flow 
localization around B4C particles, were the major cause for the flow instability. 
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7.1  Conclusions 
In this thesis, scandium and zirconium as alloying elements were introduced into Al‒
15 vol.% B4C composites to examine the effect of precipitates and B4C particles on the 
mechanical properties and their thermal stability of as cast Al‒B4C composites at ambient 
and elevated temperatures. The strengthening mechanisms at ambient and elevated 
temperatures of the composites were clarified and a strengthening model was developed to 
predict yield strength of the composites at elevated temperatures. Moreover, the mechanical 
properties, thermal stability, microstructure and tensile fracture of two hot-rolled Al-15 vol.% 
B4C composite sheets (4 mm) containing Sc and Zr, were investigated. The 
post-deformation heat treatment of the composite sheets was developed. In addition, the hot 
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deformation and processing maps of the composites with and without Sc and Zr additions 
were investigated. From the experimental results and the analyses, following conclusions 
are summarized, corresponding to the three aspects studied in the thesis.  
Part I: Mechanical properties and strengthening mechanisms of Al‒15%B4C composites 
with Sc and Zr at elevated temperatures 
 
1. The presence of large B4C particles (15 vol.% with average size 23 µm) has a moderate 
strengthening effect on Al‒B4C composites. The yield strength contribution of 15vol.% 
B4C is approximately 12 MPa at ambient temperature and remains about 10 MPa at 
300 °C. The precipitation of nanoscale Al3Sc and Al3(Sc, Zr) in the composite matrix 
provides a significant and predominate contribution to the composite strength at both 
ambient and elevated temperatures. 
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2. During long-term thermal annealing, the Al3Sc precipitates in the Al-15 vol.%B4C 
composite with 0.4 wt.%Sc (S40) remain coarsening-resistant at 250 °C, whereas the 
Al3(Sc, Zr) precipitates in the Al-15 vol.%B4C composite with 0.4 wt.%Sc plus 0.24 
wt.%Zr (SZ40) are thermally stable at 300 °C. At higher annealing temperatures 300 °C 
for S40 and 350 °C for SZ40, both Al3Sc and Al3(Sc, Zr) precipitates coarsen with 
increasing annealing time. The yield strengths of S40 and SZ40 at ambient temperature 
decrease with increasing precipitate size, which can be explained by the classical 
precipitate shearing and Orowan bypass mechanisms. 
3. The yield strengths of S40 at 250 °C and 300 °C slightly increase in the first 500 h of 
annealing and subsequently remain constant till 2000 hours, whereas the yield strengths 
of the SZ40 at 300 °C and 350 °C are always stable up to 2000 hours. At elevated 
temperatures, the yield strengths of S40 and SZ40 become approximately independent 
of precipitate coarsening, which can be described and predicted by the dislocation climb 
mechanism.   
234 
4. The dislocation climb mechanism is invoked to explain the yield strength at elevated 
temperatures (> 0.5Tm). The dislocation climb and Orowan bypass mechanisms are 
proposed as the governing strengthening mechanisms for high-temperature mechanical 
properties. The combination of dislocation climb and Orowan models can explain the 
lower strengthening efficiency of coherent precipitates and the stable strength with 
coarse precipitates at high temperature compared to those at ambient temperature. The 
predicted yield strengths at elevated temperatures are consistent with the experimental 
data of S40 and SZ40 composites. 
Part II: Mechanical properties and their thermal stability of hot-rolled Al‒15%B4C 
composite sheets containing Sc and Zr at elevated temperatures 
 
5. Alloying with Sc and Zr, the hot-rolled Al‒15 vol.%B4C composite sheets can regain a 
significant precipitation hardening under an appropriate post-rolling heat treatment, due 
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to the precipitation of nanoscale Al3Sc and Al3(Sc,Zr) that uniformly distributed in 
aluminum matrix. After the peak aging, the UTS at ambient temperature of S40 (0.4 
wt.%Sc containing) and SZ40 (0.4 wt.%Sc and 0.24 wt.%Zr containing) sheets can 
reach 197 MPa and 210 MPa, respectively. The tensile strength of both materials 
decreased with increasing test temperature. The UTS at 300 ºC of S40 and SZ40 
became close and retained in the range of 65 MPa.    
6. During 2000 h annealing at 300 ºC, a slow coarsening process occurred for Al3Sc (S40) 
and Al3(Sc,Zr) (SZ40) precipitates. The strengths at ambient temperature of both S40 
and SZ40 composite sheets decreased slowly with increasing annealing time. The UTS 
at ambient temperature of S40 changed from 197 to 190 MPa while the UTS of SZ40 
decreased from 210 to 191 MPa after 2000 h annealing.      
7. The UTS and YS at 300 ºC of both S40 and SZ40 composite sheets remained almost 
unchanged during 2000 h annealing and they were less sensible with annealing time and 
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more tolerable for precipitate coarsening, showing an excellent long-term thermal 
stability of both materials at elevated temperature.  
8. The tensile fracture mechanism of both S40 and SZ40 composite sheets were 
temperature dependent. The fracture at ambient temperature was dominated by the 
brittle B4C particle fracture, while the interfacial decohesion of B4C particles became 
the prominent characteristic of the fracture at 300 ºC.  
Part III: Hot deformation and processing maps of Al-15%B4C composites with Sc and Zr 
 
9. The flow stress increases with the increase of the deformation temperature and the 
decrease of the strain rate during hot deformation. The addition of Sc and Zr in 
Al-15%B4C composites increases the flow stress, which is attributed to the synthetic 
effect of dynamic precipitation and solute atoms.  
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10. The activation energies are 187, 193 and 201 kJ/mol for the Al-15 vol.%B4C (base 
composite), S40 and SZ40, respectively in the deformation temperature range 
(300-500 °C) and strain rate range (0.001-1s-1). The additions of Sc and Zr moderately 
increase the activation energy for hot deformation of the Al‒B4C composites. 
11. The predominant softening mechanism is dynamic recovery for the three composites at 
low temperature with high strain rate. When deformed at high temperature with low 
strain rate, dynamic recrystallization is the main softening mechanism for the base 
composite, but dynamic recovery still controls the softening process for S40 and SZ40. 
The additions of Sc and Zr limit the dynamic softening process, especially for dynamic 
recrystallization.  
12. Constitutive equations of the three composites are established based on the 
hyperbolic-sine equation. The predicted peak stresses on various deformation 
conditions are in good agreement with the experimental data for the three composites.      
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13. The processing maps of the three experimental composites at a true strain of 0.8 are 
established. Two safe domains are recommended for each composite. The 
recommended domain I in the three composite are located in the similar deformation 
zone with high deformation temperatures and high strain rates. The recommended 
domain II of the composites containing Sc and Zr shifts to a region with a lower stain 
rate compared to the based composite.  
14. The flow instability zones in the processing maps for three experimental composites are 
attributed to void formation, cracking and flow localization. 
7.2  Suggestion for future work 
The goal of this research is to develop the neutron absorber materials that are 
applicable and sustainable at elevate temperatures for spent nuclear fuel transport and 
storage. In the current study, the investigation is focused on the understanding of the 
materials behaviors and the mechanical properties at elevated temperatures, strengthening 
mechanisms, hot deformation and post deformation heat treatment. However, some 
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interesting questions still remain. The following extended study is recommended in the 
future work: 
1) Dislocation climb mechanism and Orowan mechanism had been employed to explain 
elevated strengthening mechanism. However, the application conditions of dislocation 
climb mechanism are still not clear. Which temperature can the dislocation climb 
mechanism be active? What’s the critical time and strain rate for a dislocation climb 
over a given size precipitate? These are some fundamental questions that need to be 
investigated.  
2) During post deformation heat treatment for thin sheets, the alloying elements 
(particularly Sc) could be consumed. We already know that the heat treatment medium, 
solution temperature and deformation ratio would greatly affect the consumption. The 
diffusion rate of Sc and Zr under help of dislocation and subgrain boundaries and 
grain boundaries is uncertain. The quantity of the consumption in the atmosphere 
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furnace dependent on solution temperature can be investigated by TEM and image 
analysis. 
3) The microstructure and mechanical properties of the composites by the optimized 
processing parameters in Chapter 6 are necessary to be verified.  
4) The activation energies of the composites in Chapter 6 are calculated as average 
values. But it could be affected by test temperature and strain rate. Hence, a 3-D map, 
which can demonstrate the effect of test temperature and strain rate on activation 
energy, could be established. Also, dynamic precipitate occurs during the hot 
deformation in Chapter 6. The relations between precipitate radius and activation 
energy would be further studied.  
